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PREFACE 

These  three  volumes  deal  with  the  biological  effects  of  radiations, 
corpuscular  and  electromagnetic,  throughout  the  energy  spectrum  from 
the  highest  available  energies  to  the  near-infrared  region.  Radiation 
biology  has  progressed  through  important  stages  during  the  last  fifty 
years.  An  upsurge  of  interest  in  the  early  years  of  the  century  was 
stimulated  by  developments  which  followed  the  discovery  of  X  rays  and 
radioactivity.  In  this  era  many  of  the  fundamental  phenomena  in  radia- 
tion biology  were  recognized,  during  the  early  growth  of  concepts  in 
atomic  and  nuclear  physics.  Because  much  of  the  modern  research  had 
its  roots  in  investigations  of  this  period,  a  study  of  these  early  reports  is 
still  very  rewarding.  After  World  War  I  an  important  phase  of  research 
was  reached  with  the  discovery  of  (1)  the  genetic  effects  of  radiation  in 
Drosophila  by  Muller  and,  some  time  later,  in  maize  by  Stadler;  (2)  the 
effect  of  density  of  ionization;  and  (3)  the  exact  action  spectrum  of  the 
biological  effects  of  ultraviolet.  The  unfolding  of  most  of  these  early 
investigations  is  discussed  in  B.  M.  Duggar's  most  comprehensive  review, 
"Biological  Effects  of  Radiation."  Significant  aspects  of  radiation 
biology  have  been  discussed  in  Lea's  book,  "Actions  of  Radiations  on 
Living  Cells";  the  British  Journal  of  Radiology  supplement,  "Certain 
Aspects  of  the  Action  of  Radiation  on  Living  Cells";  the  Oberlin  sym- 
posium on  radiobiology,  "The  Basic  Aspects  of  Radiation  Effects  on 
Living  Systems";  and  many  monographs.  Modern  developments  in 
biochemistry,  biophysics,  pathology,  and  related  fields  have  established 
a  profound  and  growing  influence  on  research  in  the  radiation  field. 

The  discovery  of  the  chain  reaction  in  uranium  initiated  a  new  phase  of 
scientific  endeavor.  The  phenomenon  of  nuclear  fission  has  become  a 
practical  instrument  in  the  development  of  nuclear  weapons ;  it  gives  great 
promise  of  becoming  an  economic  factor  as  a  power  source;  and  it  is 
outstanding  as  a  contributor  of  important  research  tools.  Many  of  the 
applications  of  nuclear  energy  are  limited  by  their  biological  implications. 

These  volumes  grew  out  of  a  tentative  plan  to  revise  the  Duggar 
publication.  However,  the  extraordinary  expansion  in  radiation  biology 
made  it  desirable  to  go  beyond  a  straight-line  biological  discussion  and  to 
include  in  these  volumes  some  discussions  on  the  borderline  subjects. 
Important  developments  in  the  field  of  ultraviolet  radiation,  especially  in 
regard  to  its  practical  applications,  justified  extensive  treatment.  Wide- 
spread advances  in  photosynthesis,  photoperiodism,  vision,  and  related 
subjects  demanded  a  complete  volume  on  the  effects  of  visible  light. 


VI  PREFACE 

The  effects  of  the  three  types  of  radiation  are  presented  in  three  vol- 
umes: Vokime  I,  ionizing  (high-energy)  radiations ;  Vohime  II, ultraviolet; 
and  Volume  III,  visible  light.  Since  many  biological  effects  are  common 
to  both  ionizing  and  ultraviolet  radiation,  a  sharp  separation  of  these 
fields  is  no  longer  possible.  The  first  two  volumes  might,  therefore,  be 
regarded  as  a  whole.  Both  the  ultraviolet  and  high-energy  regions  of  the 
spectrum  are  discussed  in  individual  chapters  in  both  volumes.  The 
radiation  biology  field,  in  general,  is  so  active  that,  although  only  two 
years  have  elapsed  since  initiation  of  these  publications,  some  of  the  dis- 
cussions are  not  up  to  date.  Space  does  not  permit  inclusion  of  all  sub- 
jects of  interest  to  the  radiation  biologists;  some  worthy  topics  are  omitted 
for  lack  of  an  appreciable  amount  of  new  material.  Studies  on  the  use  of 
radioisotopes  as  a  research  tool  are  not  included  because  adequate  texts 
are  already  available. 

Gratitude  is  expressed  to  Dr.  R.  E.  Cleland,  who,  during  his  tenure  as 
chairman  of  the  Division  of  Biology  and  Agriculture  of  the  National 
Research  Council,  gave  encouragement  in  the  planning  of  these  volumes; 
to  Dr.  Paul  Weiss,  the  present  chairman,  who  added  his  ready  support  to 
the  project;  and  to  the  other  members  of  the  National  Research  Council. 
Acknowledgment  is  also  made  of  the  contribution  of  the  members  of  the 
editorial  boards  of  the  separate  volumes  of  "Radiation  Biology."  With- 
out the  generous  support  of  the  Division  of  Biology  and  Medicine  of  the 
Atomic  Energy  Commission  and  the  Oak  Ridge  National  Laboratory,  the 
preparation  of  this  work  would  not  have  been  possible. 

Alexander  Hollaender,  Editor 
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CHAPTER    1 

Principles  of  Radiological  Physics^ 

U.  Fano 

National  Bureau  of  Standards 

Properties  and  production  of  radiations:  Corpuscular  radiations — Production  of 
corpuscular  radiations — Electromagnetic  radiation — Production  of  electromagnetic  radia- 
tion. Action  of  radiations  on  atoms  and  molecules:  Summary  of  information  on 
atoms  and  molecules — Elementary  processes  involving  radiation  and  free  particles — 
Action  of  light  and  X  rays  on  atoms  and  molecules — Action  of  charged  particles  on  atoms 
and  molecules — Nuclear  collisions.  Dissipation  of  radiation  energy  in  matter:  Activa- 
tion by  charged  corpuscular  radiations — Activation  by  X  and  gamma  rays — Activation  by 
neutrons — Activation  by  infrared,  visible,  and  ultraviolet  light — Action  of  far-infrared  and 
radiofrequency  radiation — Spatial  distribution  of  activations — Summary.  Penetration 
of  radiations  in  matter:  Heavy  charged  particles — Electrons — X  rays — Neutrons — Light. 
Kinetics  of  radiation  action:  The  radiation  dose — Methods  of  expressing  macroscopic 
effects — Simple  dose-effect  relations — Sigmoid  dose-effect  curves — Tirne-intensity  factors- 
Comparative  effectiveness  of  different  radiations.     References, 

This  chapter  deals  with  facts  and  concepts  of  physics  which  imderHe 
the  action  of  radiations  upon  matter  in  general  and  upon  biological  mate- 
rials in  particular.  It  stresses  the  line  of  thought  which  may  be  followed 
in  analyzing  the  radiation  effects,  but  the  reader  will  often  be  referred  to 
other  sources  for  technical  details. 

Physics  has  attained  a  fairly  satisfactory  understanding  of  the  nature  of 
radiations.     The  direct  action  of  radiations  on  single  atoms  or  small 

1  This  chapter  is  designed  to  serve  workers  in  biology  and  medicine  as  an  introduc- 
tion to  the  principles  of  radiological  physics  and  to  give  an  elementary  but  inclusive 
treatment  of  the  broad  question:  What  happens  when  radiation  strikes  a  material? 
The  attempt  to  present  such  a  treatment  has  pointed  up  large  gaps  in  our  knowledge, 
the  filling  of  which  is  a  main  goal  of  the  current  program  of  research  in  basic  radiation 
physics  at  the  National  Bureau  of  Standards. 

Some  results  of  recent  research  supported  by  the  Office  of  Naval  Research  and 
the  Atomic  Energy  Commission  are  included.  The  Biophysics  Branch  of  the  AEC  is 
supporting  a  project  directed  toward  the  survey  and  dissemination  of  information  on 
the  action  of  radiations  on  matter.  Much  work  specifically  required  for  the  prepara- 
tion and  illustration  of  this  chapter  has  been  carried  out  as  a  part  of  that  project. 

The  author  wishes  to  thank  the  numerous  colleagues  who  have  contributed  assist- 
ance and  advice,  especially  M.  Lewis,  F.  A.  Stinson,  and  G.  R.  White  for  the  calcula- 
tion and  preparation  of  numerous  charts. 
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I  RADIATION    BIOLOGY 

groups  of  atoms  is  also  rather  well  understood.  Moreover,  an  adequate 
over-all  picture  of  the  processes  through  which  the  action  of  radiations 
becomes  distributed  over  macroscopic  portions  of  matter  may  be  drawn. 

The  nature  of  radiations  and  their  action  on  small  groups  of  atoms  are 
the  subject  of  the  first  two  sections  of  this  chapter.  The  over-all  picture 
of  the  action  on  sizable  amounts  of  matter  constitutes  the  third  section. 
The  fourth  section  deals  with  the  penetration  of  radiations  to  various 
layers  of  an  irradiated  material.  Knowledge  of  this  last  field  is  far  from 
satisfactory. 

It  should  be  emphasized  from  the  outset  that  no  detailed  information 
exists  regarding  the  effect  of  radiations  on  any  but  the  smallest  groups 
of  atoms.  Even  less  is  known,  of  course,  regarding  the  effects  on  complex 
biochemical  substances  or  on  the  far  more  highly  organized  biological 
materials.  The  present  treatment  does  not  attempt  to  cover  these  topics 
which  are  more  properly  classed  as  radiochemistry  or  radiobiology. 

Nevertheless,  the  relations  between  the  physical  characteristics  of  a 
radiation  treatment  and  its  eventual  biological  effects  may  be  analyzed 
to  some  extent  without  any  detailed  knowledge  of  the  mechanisms  of 
radiobiological  actions.  The  fifth  and  last  section  deals  with  the  methods 
of  this  analysis. 

1.  PROPERTIES  AND  PRODUCTION  OF  RADIATIONS 

The  term  "radiation"  usually  indicates  a  physical  phenomenon  in 
which  energy  travels  through  space,  even  though  that  space  be  empty  of 
matter. 

There  are  two  classes  of  radiations,  namely: 

(1)  Corpuscular  radiations,  consisting  of  streams  of  various  kinds  of 
atomic  or  subatomic  particles,  which  can  transfer  their  kinetic  energy  to 
anything  they  strike.^ 

(2)  Electromagnetic  radiations,  consisting  of  self-propagating  electric 
and  magnetic  disturbances,  which  affect  the  internal  structure  of  matter 
and  thus  dissipate  their  energy. 

Acoustic  phenomena  depend  for  their  propagation  upon  the  presence  of 
an  elastic  material  medium  (e.g.,  air)  and  accordingly  are  not  classified  as 
radiations. 

Table  1-1  gives  a  classification  of  biologically  important  radiations 
with  references  to  the  pertinent  sections  of  the  following  treatment. 
Corpuscular  radiations  are  classified  according  to  the  nature  of  the  con- 
stituent particles.     The  classification  of  electromagnetic  radiations  has 

2  A  stream  of  macroscopic  particles,  such  as  pebbles,  fits,  strictly  speaking,  the 
above  definition  of  radiation,  but  it  is  not  generally  understood  to  be  covered  by  that 
name. 
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practical  rather  than  intrinsic  significance  (see  Sect.  l-3c).     Following 
are  some  notes  on  other  radiations  of  lesser  biological  importance: 

Cosmic  rays  consist  of  a  complex  of  radiations  which  flow  constantly  through 
the  earth's  atmosphere  in  a  general  downward  direction  and  achieve  some  pene- 
tration in  the  earth's  crust.  Several  components  of  this  complex  are  identical 
with  corpuscular  and  electromagnetic  radiations  studied  in  the  laboratory. 
Other  components  include  particles  of  energies  still  not  attained  in  the  laboratory. 
Cosmic  rays  seem  to  have  little  biological  significance  because  their  over-all 
intensity  is  quite  low. 


Table  1-1.  Classification  of  Biologically  Important  Radiations 


Corpuscular 

I 

Electrically  charged 

Electrically 
neutral 

]lectromagnetic 

Light 

Heavy 

Cathode  rays 

Protons, 

Neutrons 

Radio 

Light  (infra- 

X(or  roentgen) 

(electrons), 

deuterons, 

(Sects. 

waves, 

red,  visible. 

rays  (Sects. 

positrons 

and  other 

1-lb  and 

micro- 

and ultra- 

l-3c and  l-4b) 

(Sects. 

ion  beams 

l-2d) 

waves 

violet) 

1-lb  and 

(Sects. 

(Sects.  l-3c 

(Sects.  l-3c 

l-2b) 

1-lb  and 
l-2b) 

and  1-4) 

and  l-4a) 

Special 

names  of  radiations  from  atomic  nuclei 

/3  rays 

a  rays 
(beams  of 

7  rays 

helium 

ions) 

Mesons  include  a  variety  of  subatomic  particles  heavier  than  electrons  but 
lighter  than  i)rotons  or  neutrons.  They  arise  from  the  collision  of  very-high- 
energy  radiations  with  atomic  nuclei  but  have  only  a  brief  existence  and  pre- 
sumably no  biological  significance. 

The  neutrino  is  the  constituent  of  a  radiation  which  is  presumed  to  arise  from 
the  emission  of  j8  rays  and  from  other  subatomic  processes  (see  Sect.  1-lb).  A 
certain  amount  of  energy  and  momentum  remains  unaccounted  for  in  these 
processes.  The  circumstances  indicate  that  the  balance  of  energy  and  momen- 
tum is  removed  by  a  still  undetected  but  otherwise  well-defined  radiation  whose 
carrier  element  is  electrically  neutral  and  is  called  a  "neutrino."  The  circum- 
stances also  indicate  that  this  radiation  ought  to  exert  an  exceedingly  small  action 
on  matter  and  thus  explain  why  this  action  has  not  yet  been  detected. 

Molecular  rays  are  beams  of  mono-  or  polyatomic  molecules  which  escape  from 
an  enclosure  into  a  high  vacuum,  carrying  little  energy  and  no  electric  charge. 


RADIATION   BIOLOGY 


1-1.  CORPUSCULAR  RADIATIONS 


Material  corpuscles  (or  "particles")  are  physical  entities  endowed  with 
a  mass.  Because  of  their  mass  atomic  particles  behave  like  macroscopic 
bodies,  at  least  in  so  far  as  their  velocity  can  be  varied  to  a  great  extent 
by  physical  means.  Any  change  of  velocity  is  accompanied  by  energy 
transformations.  Acceleration  of  a  particle  is  effected  by  a  force  which 
imparts  to  the  particle  a  certain  amount  of  energy  to  be  stored  in  the  form 
of  kinetic  energy.  This  energy  is  returned  when  the  particle  slows  down 
owing  to  the  action  of  a  force  opposing  its  motion.     The  storage  of  kinetic 

energy    constitutes   the    main   mechanism  for 
energy    transport    by    corpuscular    radiation. 
0  RAYS  /  (The  internal  structure  of  each  traveling  par- 

ticle may  contain  additional  energy.) 

The  deflection  of  radiation  particles  is  effected 
by  a  force  perpendicular  to  their  line  of  motion. 
Fig.  1-1.  Deflection  of  the  ^he  observation  of  such  deflections  serves  to 
a  and  ^  rays  from  a  mate-  analyze  the  radiation  response  to  various  forces 
rial  located  in  a  magnetic  and  thereby  to  analyze  the  nature  of  the  radia- 
field  perpendicular  to  the  ^Jq^  For  example,  the  a  and  13  rays  ejected  by 
tuZavl     ^"""^      pointing      certain  radioactive  substances  turn  in  opposite 

directions  when  they  traverse  a  magnetic  field 
(see  Fig.  1-1).  The  deflection  indicates  that  the  a  rays  carry  a  positive 
charge,  and,  in  these  cases,  the  ^  rays  a  negative  charge. 

The  analysis  of  corpuscular  radiations  progresses  also  through  the 
study  of  their  penetration  in  various  materials  (see  Sects.  2,  3,  and  4). 
Determination  of  the  nature  and  velocity  of  the  constituent  particles 
marks  the  completion  of  this  analysis. 

1-la.  Methods  of  Detection.  Corpuscular  radiations  are  detected  by  the 
effects  produced  by  their  impact  on  matter.  For  instance,  the  electric 
charge  delivered  to  a  body  by  a  radiation,  the  heat  dissipated  in  the  body, 
the  luminescence  caused  in  certain  materials,  or  the  blackening  of  photo- 
graphic films  can  be  measured.  Electrically  charged  radiation  particles 
are  generally  easier  to  detect  than  electrically  neutral  ones,  because  they 
interact  electrically  with  the  atoms  of  matter  even  from  a  considerable 
distance. 

It  is  possible  to  demonstrate  directly  that  a  radiation  consists  of  dis- 
crete particles,  for  example  by  detecting  the  arrival  of  individual  particles 
upon  a  luminescent  screen.  This  method  of  observing  "scintillations" 
served  as  a  basis  for  the  early  study  of  a  rays.  It  has  become  much 
more  practical  since  the  introduction  Of  improved  luminescent  materials 
and  of  devices  which  record  the  scintillations  automatically. 

Two  other  very  effective  methods  for  detecting  and  studying  individual 
fast  charged  particles  are  the  Wilson  cloud  chamber  and  the  Geiger 
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counter.  They  rely  on  the  ability  of  radiation  particles  to  eject  electrons 
when  they  collide  with  gas  molecules  and  thus  to  create  pairs  of  separated 
charges  of  opposite  sign,  i.e.,  pairs  of  "ions." 

The  cloud  chamber  (Fig.  1-2)  is  a  vessel  filled  with  a  gas  which  is 
saturated  with  water  vapor.  The  chamber  is  suddenly  expanded,  at 
intervals,  by  the  action  of  a  piston.  As  a  result,  the  gas  is  cooled  and  the 
vapor  becomes  supersaturated.  In  the  absence  of  impurity  particles 
which  act  as  condensation  centers,  the  vapor  does  not  condense  into 
water  droplets.  However,  since  ions  act  as  condensation  centers,  the 
ionized  path  of  a  charged  particle  which  has  recently  traversed  the 
chamber  is  marked  by  a  line  of  fine  water  droplets.  This  line  of  cloud 
can  easily  be  seen  or  photographed  (Fig.  1-3)  (see  Gentner  et  al.,  1940). 


1 1 
1 1 

1 1 


LIGHT 


PISTON 

SUDDENLY 

DROPS 


Fig.    1-2.  Diagram    of    a    cloud 
chamber. 


Fig.  1-3.  Tracks  of  a  particles  in  a 
cloud  chamber.  {Gentner  et  al., 
1940.) 


A  Geiger  counter  consists  essentially  of  a  wire  with  a  tube  surrounding 
it.  An  electric  potential  difference  is  established  between  wire  and  tube 
which  is  not  quite  sufficient  to  cause  a  discharge  under  normal  conditions. 
When  a  particle  traverses  the  counter  and  creates  a  pair  of  ions  in  the 
filler  gas,  the  electric  force  accelerates  the  ions  and  thereby  starts  a 
sudden  discharge.  After  this,  the  wire  and  the  tube  recharge  and  no  dis- 
charge passes  until  a  new  ionizing  particle  comes  by.  Thus  one  counter 
detects  the  passage  of  a  single  particle  at  a  time,  while  a  set  of  counters 
may  serve  to  trace  the  path  of  a  particle. 

For  information  on  counting  devices  the  reader  is  referred  to  a  report 
by  Wilson,  Corson,  and  Baker  (1950). 

Another  method  of  observing  radiations,  similarly  based  on  the  ejection 
of  electrons  from  gas  molecules,  becomes  possible  at  somewhat  higher 
levels  of  intensity  when  the  total  separation  of  positive  and  negative 
electric  charges  ("ionization")  is  adequate  for  measurement  by  electric 
techniques.     Ionization  is  measured  by  attracting  the  charges  of  opposite 


6 


RADIATION   BIOLOGY 


■{] 


[}■ 


®  ® 


sign  toward  two  electric  terminals  (Fig.  1-4).  Vessels  designed  for  this 
purpose  are  called  "ionization  chambers"  and  constitute  basic  depend- 
able tools  for  radiation  detection  and 
measurement  (see,  for  example,  Halliday, 
1950,  p.  170). 

Neutrons  are  detected  indirectly, 
through  the  effect  of  secondary  radiations 
arising  from  the  collision  of  neutrons  with 
atomic  nuclei  (see  Sect.  2-5). 

1-lb.  Types  of  Corpuscular  Radiations. 
As  stated  before,  any  stream  of  atomic  or 
subatomic  particles  constitutes  a  corpus- 
cular radiation.  The  main  characteristics 
of  the  various  kinds  of  particles  are  their 
masses  and  their  electric  charges. 

The  masses  are  conveniently  expressed 
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Fig.   1-4.  Schematic  functioning 
of  an  ionization  chamber. 


in  the  scale  of  atomic  weights  in  which 


1  unit  atomic  weight  == 


1  gram 
Avogadro's  number 


1.66  X  10--4gram        (1) 


The  electric  charges  are  conveniently  expressed  in  terms  of  the  charge  of 
an  electron,  whose  sign  is  negative  and  whose  magnitude  is  usually  indi- 
cated by  the  symbol 


e  =  4.80  X  10-'"  esu  =  1.60  X  lO-'^  coulomb 


(2) 


The  charges  of  atomic  particles  may  be  positive  or  negative  but  are 
always  integral  multiples  of  the  charge  of  an  electron. 

The  corpuscular  radiations  hsted  in  Table  1-1  fall  into  the  following 
three  groups: 

(1)  Light  charged  particles,  namely: 

(a)  The  electron,  with  atomic  weight  Mg-is  and  a  negative  charge 
equal  to  e.  Electrons  are  a  normal  constituent  of  all  kinds  of 
matter.  They  spring  out  from  matter  when  sufficient  energy 
becomes  available  for  them  to  overcome  the  attraction  of  the 
positive  charges  carried  by  the  atomic  nuclei.  This  energy  may 
be  supplied  by  radiation  or  simply  by  heat.  Classical  studies 
have  been  made  of  electrons  as  they  emerge  from  the  negative 
terminal  ("cathode")  of  an  electric  circuit  inserted  in  an  evacu- 
ated vessel  and  form  a  beam  of  cathode  rays  (see,  for  example, 
Richtmyer  and  Kennard,  1947,  pp.  80  ff.).  Electrons  are  also 
called  "negative  /S  particles." 
(5)  The  positron,  with  atomic  weight  ^82.3  and  a  positive  charge 
equal  to  e.     Positrons  are  the  positively  charged  counterpart  of 


PRINCIPLES    OF    RADIOLOGICAL    PHYSICS  7 

the  electrons  and  are  also  called  "positive  electrons"  or  positive  /3 
particles.  They  are  not  a  normal  constituent  of  matter  because 
they  quickly  vanish  by  combining  with  one  of  the  ever-present 
electrons  of  matter  (see  the  following  paragraph  and  Sect.  2-2b). 
Positrons  may  emerge  from  atomic  nuclei  as  a  result  of  nuclear 
transformations  (see  next  paragraph)  or  from  matter  exposed  to 
high-energy  radiations  (see  Sect.  2-2b).  For  further  data  see 
Richtmyer  and  Kennard  (1947),  pp.  598  ff. 

(2)  Heavy  charged  particles,  which  are  atoms  of  any  kind  of  matter 
stripped  of  some  or  all  of  their  electrons,  i.e.,  turned  into  positive 
ions.  They  are  produced  and  studied  conveniently  when  an  electric 
discharge  passes  through  a  rarefied  gas  or  vapor  in  a  suitable  arrange- 
ment (see,  for  example,  Richtmyer  and  Kennard,  1947,  pp.  542  ff.). 
The  following  types  of  ions  are  widely  used  as  the  constituents  of 
radiations : 

(c)  The  'proton,  a  bare  nucleus  of  the  common  isotope  of  hydrogen, 

with  atomic  weight  1.008  and  a  positive  charge  ecjual  to  e. 
{d)  The  deuteron,  a  bare  nucleus  of  the  heavy  isotope  of  hydrogen, 

with  atomic  weight  2.015  and  a  positive  charge  equal  to  e. 
(e)  The  alpha  particle,  a  bare  nucleus  of  helium,  stripped  of  both 

electrons,  with  atomic  weight  4.003  and  a  positive  charge  ec^ual  to 

2e. 

(3)  Neutral  particles,  one  of  which  has  great  practical  importance, 
namely: 

(/)  The  neutron,  with  atomic  weight  1.009  and  no  electric  charge. 
Neutrons  are  a  normal  constituent  of  the  nuclei  of  all  kinds  of 
matter  except  the  common  isotope  of  hydrogen.  They  are 
released  from  nuclei  only  in  the  course  of  transformations  induced 
by  high-energy  radiations  (see,  for  example,  Richtmyer  and 
Kennard,  1947,  pp.  615  ff.). 

The  constituent  particles  of  radiations  are  by  no  means  strictly  unchangeable 
entities,  even  though  some  of  them  are  normal  constituents  of  matter.  In  fact, 
none  of  the  particles  is  strictly  unchangeable,  and  some  have  only  a  fleeting 
existence  under  ordinary  conditions.  Thus  any  positron  quickly  vanishes, 
together  with  an  electron,  giving  rise  to  high-energy  electromagnetic  radiation. 
Similarly,  electrons  would  disappear  quickly  if  the  world  contained  an  excess  of 
positrons. 

Isolated  neutrons  are  intrinsically  unstable.  They  can  turn  into  protons, 
ejecting  at  the  same  time  a  negative  electron  and,  presumably,  a  neutrino  (see 
notes  in  the  first  part  of  Sect.  1).  Neutrons,  if  left  to  themselves,  undergo  this 
transformation  at  random,  now  one  neutron  and  then  another,  at  irregular 
intervals.  On  the  average,  half  the  neutrons  existing  at  any  one  time  are 
expected  to  turn  into  protons  in  approximately  a  quarter  of  an  hour.  However, 
the  great  majority  of  free  neutrons  disappear  by  capture  in  some  atomic  nucleus 
in  a  much  shorter  time,  i.e.,  before  changing  into  protons. 
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Protons  may  turn  into  neutrons  through  a  similar  transformation,  ejecting  a 
positive  electron  and,  presumably,  a  neutrino.  However,  this  transformation  is 
energetically  impossible  unless  the  proton  is  part  of  a  nucleus  and  the  rest  of  the 
nucleus  supplies  the  necessary  energy. 

The  transformations  of  protons  into  neutrons  and  of  neutrons  into  protons 
within  a  nucleus  constitute  the  processes  of  "/3  disintegration." 

1-lc.  Potency  of  Corpuscular  Radiations.  The  ability  of  a  corpuscular 
radiation  to  affect  the  properties  of  matter  clearly  depends  not  only  on 
the  nature  of  its  constituent  particles  and  on  their  total  energy  but  also 
on  the  kinetic  energy  of  each  single  particle.  A  few  particles  of  high 
kinetic  energy  can  produce  effects  which  a  far  larger  number  of  particles  of 
low  kinetic  energy  cannot  possibly  achieve.  Therefore  an  indication  of 
the  speed  or  of  the  kinetic  energy  of  individual  particles  serves  as  a 
measure  of  what  we  may  call  the  "potency"  of  the  radiation. 

The  basic  unit  employed  with  reference  to  the  kinetic  energy  of  atomic 
particles  is  the  "electron  volt"  (ev),  i.e.,  the  increase  of  kinetic  energy 
experienced  by  an  electron  while  being  accelerated  across  a  potential 
difference  of  1  volt.  This  unit  has  a  direct  significance  when  applied  to 
a  particle  carrying  the  same  quantity  of  electric  charge  as  an  electron, 
but  it  is  currently  used  as  a  unit  of  energy  with  reference  to  particles 
carrying  any  quantity  of  charge  or  no  charge  at  all. 

1  ev  =  1.6  X  10-19  joule  =  1.6  X  IQ-^^  erg  *     (3) 

When  the  kinetic  energy  £*  of  a  particle  is  expressed  in  electron  volts  and 
its  mass  M  in  units  of  atomic  weight,  its  velocity  is  given  by 


y  =  1.4  X  10^  ^E/M  cm/sec  (4) 

(This  formula  is  valid  only  if  its  result  is  much  less  than  10 ^^  cm/sec; 
otherwise  it  must  be  replaced  by  a  more  complicated  formula  of  relativ- 
istic  mechanics.) 

The  kinetic  energy  of  individual  particles  may  also  be  expressed  in 
terms  of  the  chemical  energy  unit  "calorie  per  mole."  One  mole  of  a 
substance  consists  of  Avogadro's  number,  A^  =  6.0  X  10^^,  of  molecules. 
If  each  of  these  molecules  has,  for  example,  a  kinetic  energy  of  1  ev,  the 
entire  mole  has  a  kinetic  energy  equal  to 

6.0  X  10^^  X  1.6  X  10-12  ergs  =  9.6  X  lO^i  ergs  =  23,000  cal 

In  the  same  way,  if  a  chemical  reaction  yields  1000  cal/mole,  this  means 
that  each  molecule  participating  in  the  reaction  has  yielded  3=^2  3  6V. 
The  equation 

1  ev  =  23,000  cal/mole  (5) 

serves  to  estimate  the  chemical  "potency"  of  a  radiation.  For  example, 
if  a  certain  gas  reaction  requires  an  activation  energy  of  50,000  cal/mole, 
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10  RADIATION   BIOLOGY 

each  molecule  can  be  activated  by  the  impact  of  a  particle  only  if  this 
particle  has  a  kinetic  energy  equal  to  at  least  ^%3  =  2.2  ev. 

There  is  yet  another  method  of  expressing  the  "potency"  of  a  radiation 
with  reference  to  familiar  thermal  concepts.  Vapor  molecules  which 
filter  out  of  an  oven  at  a  temperature  of  T  degrees  absolute  have  a  kinetic 
energy  of  the  order  of  magnitude  of  kT,  where 

k  =  1.4  X  10~i^  erg/degree  =  8.5  X  lO""  ev/degree  (6) 

and  is  the  "Boltzmann  constant."  The  formula  indicates  that  it 
would  take  an  oven  at  about  12,000°C  to  emit  particles  Avith  a  kinetic 
energy  of  the  order  of  1  ev.  Any  radiation  source  may  thus  be  character- 
ized from  the  thermal  standpoint  by  means  of  an  "equivalent  tempera- 
ture" which  is  proportional  to  the  kinetic  energy  of  the  radiation  particles 
at  a  rate  of  12,000°C/ev. 

A  comparison  of  the  various  scales  of  radiation  potency  is  shown  in 
Fig.  1-5. 

1-2.  PRODUCTION  OF  CORPUSCULAR  RADIATIONS 

Electrically  charged  particles  can  be  directed  into  a  beam  and  then 
accelerated  to  a  desired  velocity  under  the  action  of  electric  forces. 
Neutral  particles,  on  the  contrary,  cannot  be  controlled  easily;  the  main 
device  to  form  a  beam  of  neutral  particles  is  to  let  the  particles  pass  from 
the  space  where  they  are  produced  to  another  portion  of  space  through 
collimating  holes  or  slits. 

l-2a.  Sources  of  Charged  Particles.  Electrons  are  easily  produced  in  a 
vacuum  by  heating  a  metal.  The  hot  metal  emits  electrons  in  quantities 
limited  only  by  the  mutual  repulsion  of  the  electrons  in  the  surrounding 
space  ("space-charge  effect").  Rates  of  emission  of  the  order  of 
amperes,  i.e.,  of  10^^  electrons  per  second,  are  practicable. 

Positrons  have  to  be  emitted  by  radioactive  nuclei  or  produced  by 
X  rays.  Their  rate  of  production  is  much  smaller  than  that  of  electrons 
from  a  hot  wire.  For  example,  a  "strong"  radioactive  source,  of  the 
order  of  curies,  yields  only  10^^  positrons  per  second,  i.e.,  about  10~^  amp. 

Protons  and  other  positive  ions  are  produced  by  stripping  electrons  off 
the  atoms  or  molecules  of  a  gas  at  low  pressure.  The  stripping  results 
from  the  violent  atomic  collisions  which  accompany  an  electric  discharge. 
Usable  ion-beam  intensities  of  the  order  of  a  milhampere  have  been 
obtained. 

Charged  particles  produced  by  these  methods  can  be  formed  into  a 
beam  by  attracting  them  toward  a  conductor  charged  with  electricity 
of  opposite  sign.  Thence  they  can  be  canalized  into  empty  space.  Suit- 
ably distributed  electric  and  magnetic  forces  also  serve  to  concentrate  or 
"focus"  beams  of  charged  particles.  Still,  the  achievement  of  good 
focusing  at  a  high  intensity  level  offers  difficulties. 
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l-2b.  Acceleration  of  Charged  Particles. 
accelerating  charged  particles  is  to  subject 
them  to  the  electric  force  between  two  con- 
ductors with  a  sufficiently  large  potential 
difference.  For  example,  if  a  source  of  singly 
ionized  atoms  lies  at  an  electric  potential  1 
million  volts  above  that  of  a  target  and  if  the 
ions  can  move  freely,  their  kinetic  energy 
increases  to  1  million  electron  volts  (Mev) 
by  the  time  they  reach  the  target.  This 
method  serves,  for  example,  to  provide  beams 
of  high-energy  cathode  rays  in  the  ordinary 
cathode  ray  or  X-ray  tubes  (Fig.  1-6).  The 
main  limitation  to  this  method  lies  in  the 
technical  difficulty  of  generating  and  main- 
taining potential  differences  as  large  as 
might  be  desired. 

Large  potential  differences  are  produced  by  a 

suitable  arrangement  of  a-c  transformers  followed  by  rectify- 
ing stages,  or  by  electrostatic  generators  (Van  de  GraafE 
machines) .  The  main  component  of  an  electrostatic  gener- 
ator is  a  mechanically  driven  insulator  belt  which  picks  up 
electric  charges  at  one  point  and  deposits  them  onto  a  high- 
voltage  conductor  (see  Fig.  1-7) .  Multimillion-volt  accelera- 
tors are  normally  enclosed  in  high-pressure  tanks  which 
make  it  easier  to  maintain  a  high  voltage  without  discharge 
through  the  surrounding  space.  The  highest  performance 
yet  attained  by  this  method  is  a  steady  potential  difference  of 
approximately  12  million  volts. 

In  the  acceleration  of  charged  particles  the  voltage  differ- 
ence should  be  distributed  in  such  a  way  that  the  particles 
follow  paths  concentrated  in  a  narrow  beam.  Figure  1-8 
shows  the  usual  method  for  achieving  this  in  the  construc- 
tion of  very-high-voltage  accelerator  tubes.  The  voltage 
differences  between  successive  metallic  sections  are  about 
equal. 

In  order  to  achieve  very  high  kinetic  energies  without 
having  to  produce  correspondingly  high  voltage  differences, 
the  acceleration  of  the  particles  can  be  subdivided  in  a  large 
number  of  steps,  each  step  involving  only  a  moderately 
high  potential  difference.  For  example,  a  group  of  particles 
traveUng  along  the  axis  of  a  series  of  cylindrical  electrodes 
(see  Fig.  l-9b)  can  receive  one  step  of  acceleration  at  each 
gap    between    successive    electrodes.     For   this   purpose   a 
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Fig.  1-7.  Diagram 
of  a  Van  de  Graaff 
generator.  The 
belt  accumulated 
positive  charges  on 
the  upper  conduc- 
tor and  carries 
negative  charges 
down  to  the 
ground.  (Richt- 
■myer  and  Kennard, 
1947.) 

set  heed  not  be  maintained.     The  potential  difference  at  each  gap  may  oscillate 


steady,  very  high  potential  difference  distributed  along  the 
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(see  Fig.  l-9a)  provided  that  the  oscillations  are  timed  to  apply  the  acceleration 
in  the  correct  direction  whenever  a  group  of  particles  arrives  at  the  gap.  An 
arrangement  of  this  kind  with  a  large  number  of  gaps  in  a  straight  line  constitutes 
"linear  accelerator." 

However,  most  frequently  the  particles  are  made  to  return  again  and  again  to 

the  same  gap  by  forcing  them  to  follow  a  closed  path  by 
means  of  a  deflecting  magnet.  A  machine  built  on  this 
principle,  in  which  the  deflecting  field  remains  constant 
and  the  particles  turn  in  larger  and  larger  circles  as  they 
gather  momentum,  is  called  a  "cyclotron"  (Fig.  1-10). 
A  "synchrotron"  is  a  machine  in  which  the  particles  are 
kept  on  a  constant  path  by  a  magnetic  field  whose 
strength  increases  as  the  particles  gather  momentum.  A 
number  of  combinations  of  these  principles  have  been 
developed  under  various  names. 

Another  type  of  machine  relies  on  the  principle  of  the 
familiar  a-c  transformer  and  is  called  an  "induction 
accelerator"  or  a  "betatron"  (because  it  is  particularly 
suited  to  the  acceleration  of  electrons,  i.e.,  of  |3  particles). 
A  transformer  consists  of  an  electromagnet  excited  by  an 
alternating  current  in  a  primary  winding.  The  alternat- 
ing magnetic  force  induces,  in  turn,  a  current  in  another 
coil,  the  secondary  winding.  The  voltage  developed  at 
the  terminals  of  the  secondary  is  proportional  to  the 
number  of  turns  in  the  winding.  A  betatron  is,  in  effect, 
a  large  transformer  whose  secondary  current  consists  of 
electrons  circulating  in  an  evacuated  ring-shaped  tube, 
called  the  "  donut "  (see  Fig.  1-11).  Each  electron  circulates  a  very  large  number 
of  times  (e.g.,  1,000,000  times)  and  thus  gathers  an  energy  corresponding  to  the 
voltage  that  would  be  achieved  in  a  secondary  winding  with  a  similarly  large 
number  of  turns. 


CCD  dZD 


Fig.  1-8.  Diagram  of 
an  accelerator  tube. 
{Charleton  and  Hub- 
hard,  1940.) 


^ 


(a)  (b) 

Fig.  1-9.  Diagram  of  the  elements  of  a  linear  accelerator,     (b,  Chew  and  Moyer,  1950.) 

The  main  obstacle  to  the  development  of  high-performance  linear 
accelerators  is  found  in  timing  accurately  the  voltage  oscillations  at  many 
different  gaps.  The  necessary  length  of  the  machine  and  the  problems 
of  keeping  the  particles  in  a  focused  beam  also  cause  difficulties.  The 
main  limitation  in  the  development  of  cyclotrons  and  synchrotrons 
arises  from  the  necessity  of  maintaining  very-high-energy  particles  on  a 
closed  steady  path.     The  deflection  of  the  particles  requires  very  large 
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OSCILLATOR 


Fig.  1-10.  Diagram  of  the  elements 
of  a  cyclotron.  The  particles  follow 
the  outward  spiraling  path  under  the 
combined  influence  of  a  guiding  mag- 
netic field  perpendicular  to  the  draw- 
ing and  of  the  driving  oscillating 
electric  force  produced  by  the  os- 
cillator. {Richtmyer  and  Kennard, 
1947.) 


deflecting  magnets.  Moreover,  particles  being  deflected  along  a  closed 
path  constitute  a  variable  current  which  emits  electromagnetic  radiation; 
the  energy  loss  by  radiation  is  expected  to  become  very  serious  at  energies 
of  the  order  of  10'^  ev.  Finally,  the  problems  of  keeping  the  particle  beam 
focused  and  of  timing  the  variations  of 
all  fields  are  not  trivial. 

Various  types  of  accelerators  yielding 
energies  of  several  hundred  million 
electron  volts  were  in  operation  in  1950. 
For  further  information  on  high-energy 
accelerators  see  HalUday  (1950),  Chap. 
9. 

l-2c.  Nuclear  Sources  of  Fast  Charged 
Particles.  Many  substances  emit  elec- 
trons or  a  particles  with  energies  of  the 
order  of  a  few  million  electron  volts  as 
a  result  of  spontaneous  transformations 
of  their  atomic  nuclei.  The  substances 
whose  nuclei  undergo  such  transforma- 
tions are  called  "radioactive."  These 
spontaneous  transformations  or  "disintegrations"  occur  now  and  then  at 
random  in  the  nuclei  of  different  atoms  of  a  substance  at  an  average  rate 
which  is  characteristic  for  each  kind  of  nucleus. 

The  substances  found  in  nature  contain  between  300  and  400  species  of 
atomic  nuclei,  among  which  nearly  50  were  known  to  be  unstable,  i.e., 

radioactive,  by  the  end  of  1950.     The 

^^:— g:::;:^^  best  known  of  these  radioactive  sub- 

n^^-J—  Ti  stances  are  the  elements  heavier  than 

bismuth.  A  few  radioactive  isotopes 
of  lighter  elements  are  also  found  in 
nature.  One  of  these  is  an  isotope  of 
potassium. 

Nearly  1000  other  species  of  nuclei 

have  been  produced  artificially  as  the 

result  of  nuclear  collisions.     These  are 

generally    unstable,   i.e.,   radioactive, 

and  emit  either  electrons  or  positrons ; 

some    of   them   emit   a   particles,    or 

neutrons. 

Natural  radioactive  substances  were  for  a  long  time  the  only  sources  of 

fast  charged  particles.     Natural  and  artificial  radioactive  substances  are 

still  very  useful  as  steady  and  finely  divisible  sources  of  fast  particles. 

An  amount  of  radioactive  material  whose  nuclei  disintegrate  at  a  rate 
of  3.7  X  10^"  per  second  is  called  a  "curie."     A  radioactive  source  of 


Fig.  1-11.  Diagram  of  a  betatron. 
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1  curie  is  regarded  as  intense,  but  sources  of  much  greater  intensity  have 
been  prepared  occasionally. 

For  a  collection  of  data  on  radioactivity  see  Way  et  al.  (1950) ;  for  data 
on  availability  of  radioactive  materials,  see  the  Isotopes  Catalogue  (1949). 

l-2d.  Neutron  Sources.  Neutrons  become  available  as  by-products  of 
nuclear  collisions.  They  remain  available  for  a  short  time  only  since  they 
have  a  considerable  chance  of  being  captured  by  any  nucleus  with  which 
they  collide.  These  conditions  make  it  difficult  to  provide  large  numbers 
of  neutrons. 

Collisions  between  ordinary  nuclei  cannot  be  produced  very  easily 
because  nuclei  repel  one  another  electrically.  Therefore  nuclei  collide 
only  if  they  are  shot  against  each  other  with  high  energy.  Most  kinds 
of  nuclear  collisions  are  likely  to  result  in  the  ejection  of  one  or  more 
neutrons  (see  Sect.  2-ld).  The  bombardment  of  atoms  by  a  beam  of  fast 
deuterons  is  a  particularly  efficient  source  of  neutrons  since  the  neutron 
contained  in  the  deuteron  is  loosely  bound  and  easily  splits  off.  Neu- 
trons of  energy  beyond  100  Mev  have  been  produced  by  this  method. 

Collisions  between  neutrons  and  other  nuclei  are  not  hindered  by 
electrostatic  repulsion  and  can  therefore  occur  in  large  numbers  if  only 
the  neutrons  are  available  in  the  first  place.  The  "fission  reaction"  of 
the  heaviest  nuclei,  i.e.,  their  splitting  into  nearly  equal  parts,  results 
frequently  from  the  impact  of  a  neutron  and  liberates  on  the  average 
about  2.5  neutrons  as  a  by-product.  Therefore  the  fission  reaction  can 
take  place  on  a  large  scale  under  appropriate  conditions,  leading  to  the 
incidental  release  of  large  amounts  of  neutrons.  The  principle  is  that,  on 
the  average,  one  of  the  neutrons  produced  by  a  fission  must  terminate  in 
production  of  another  fission.  If  this  is  so,  fissions  will  follow  one  another 
in  a  self-sustaining  chain  reaction.  The  difficulty  lies  in  preventing  an 
excessive  waste  of  neutrons  in  parasitic  processes. 

A  device  in  which  a  chain  reaction  of  fissions  proceeds  and  is  kept  at  a 
desired  level  of  operation  by  controlled  absorption  of  any  excess  neutron 
production  is  usually  called  a  "nuclear  reactor"  or  "pile"  (see  Halliday, 
1950,  p.  422).  The  neutrons  produced  by  fission  have  various  energies  of 
the  order  of  magnitude  of  1  Mev.  A  very  intense  beam  of  neutrons  can 
be  obtained  by  simply  opening  a  port  through  the  shielding  that  normally 
surrounds  a  pile. 

Neutrons  flow  in  all  directions  within  a  pile.  A  neutron  flux  of  10^^ 
neutrons/cm^  sec  has  been  reported. 

1-3.  ELECTROMAGNETIC  RADIATION 

Light,^  X  rays,  and  radio  waves  have  a  common  nature.  Therefore  we 
may  well  regard  electromagnetic  radiation  as  a  single  phenomenon.     This 

^  The  term  "light"  has  been  used  in  this  chapter  for  convenience  as  inckiding 
electromagnetic  radiations  with  infrared,  visible,  and  ultraviolet  wave  lengths. 
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radiation  originates  from  a  change  of  intensity  of  an  electric  current  in  the 
course  of  time,  like  the  more  familiar  phenomenon  of  electromagnetic 
induction.  In  fact,  electromagnetic  radiation  may  be  regarded  as  a 
persistent  and  far-traveling  offshoot  of  ordinary  induction.  A  brief 
review  of  the  phenomenon  of  induction  yields  some  indication  of  the 
mechanism  of  electromagnetic  radiation  and  of  the  main  factors  that 
influence  its  production. 

The  onset  of  a  current  in  an  electric  circuit  is  never  abrupt  but  is  marked  by  a 
lag  due  to  the  phenomenon  of  "self-induction."  During  this  lag  the  current 
generator  performs  work  to  establish  the  current  against  the  opposition  of  self- 
induction.  As  the  current  is  established,  the  surrounding  space  becomes  the 
seat  of  magnetic  forces. 

The  whole  phenomenon  is  reversed  when  the  current  generator  is  switched  off ; 
self-induction  keeps  the  current  running  for  awhile,  thus  returning  to  the  current 
the  extra  energy  that  had  been  spent  in  setting  it  up.  The  current  intensity  as 
well  as  the  magnetic  forces  dies  off  gradually. 

Both  the  starting  and  the  disappearance  of  magnetic  forces  in  the  space  sur- 
rounding the  wire  are  associated  with  further  electric  actions.  Thus  an  electric 
current  is  driven  temporarily  in  a  closed  loop  of  wire  lying  next  to  the  wire  in 
which  a  current  starts  or  dies  off.  This  effect  of  electromagnetic  induction  under- 
lies the  common  a-c  transformer  action,  in  which  an  oscillating  current  is  pumped 
in  a  coil  of  wire  (the  "primary"  winding)  and  another  current  is  obtained  in 
another  coil  (the  "secondary"  winding). 

Little  energy  is  dissipated  in  the  course  of  induction  phenomena  if  the  rates  of 
change  of  current  intensity  are  kept  rather  low,  as  in  ordinary  a-c  phenomena. 
Roughly  speaking,  the  dissipation  remains  low  because  the  electromagnetic 
equilibrium  in  the  space  surrounding  a  current  is  never  greatly  disturbed  by 
rather  slow  variations  of  the  current.  This  does  not  hold  true  in  the  case  of 
slmrp  current  variations.  A  mechanical  analogy  may  help  to  illustrate  this 
l)oint.  A  slow  compression  of  gas  in  a  cylinder  proceeds  reversibly  without  dis- 
sipation of  energy,  but  a  substantial  amount  of  energy  is  dissipated  into  sound 
waves  if  the  gas  is  acted  upon  by  a  rapidly  oscillating  piston. 

Similarly,  rapid  variations  of  electric  currents  lead  to  a  substantial  energy 
dissipation.  The  situation  may  be  visualized  thus:  the  more  rapid  the  current 
variations,  the  less  readily  can  the  magnetic  and  electric  forces  in  the  surrounding 
space  readjust  to  follow  the  current  variations.  This  unbalance  leads  to  a  larger 
energy  transfer  away  from  the  current.  It  looks  as  though  a  very  rapid  increase 
of  current  requires  an  especially  large  expenditure  of  energy,  but  a  very  rapid 
decrease  yields  an  especially  low  return  of  energy.  The  reactions  caused  by  the 
electromagnetic  unbalance  in  the  surrounding  space  overshoot  the  equilibrium, 
just  as  it  happens  in  the  phenomena  of  elastic  unbalance,  and  thus  the  disturbance 
propagates  farther  and  farther  away. 

In  conclusion,  it  may  be  said  that  electromagnetic  radiation  arises  from 
the  induction  effects  associated  with  any  variable  current.  The  energy 
radiated  by  a  current  is  an  increasing  function  of  the  rate  of  variation  of 
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the  current;  in  fact,  it  is  proportional  to  the  fourth  power  of  this  rate  of 
change. 

A  radiative  disturbance  exerts  the  same  kind  of  action  upon  matter  as 
electromagnetic  induction.  It  exerts  an  electric  force  upon  all  electric 
charges  within  matter  and  a  magnetic  force  which  tends  to  push  all  cur- 
rents sideways. 

However,  the  effects  produced  by  these  actions  vary  greatly,  depending 
upon  the  rapidity  with  which  the  electric  and  magnetic  forces  vary  in 
the  course  of  time.  Not  only  the  methods  of  detection  of  electromagnetic 
radiation  but  also  the  classification  of  the  various  types  of  this  radiation 
depend  on  the  analysis  of  the  time  variations  of  radiative  disturbances. 

Therefore  this  analysis  deserves  first 
consideration. 

1-3 a.  Frequency  and  Wave  Length. 
Electromagnetic  disturbances  fre- 
quently follow  an  oscillatory,  ahnost 
perfectly  sinusoidal,  course.  This  ob- 
tains, for  example,  for  light  of  a  defi- 
nite color.  For  this  reason  sinusoidal 
radiative  disturbances  are  called 
' '  monochromatic. ' ' 

Monochromatic  radiation  arises 
from  a  current  that  performs  sinusoi- 
dal oscillations.  In  turn,  monochro- 
matic radiation  induces  sinusoidally 
oscillating  currents  within  matter.  The  rate  of  variation  of  a  sinusoidal 
disturbance  is  characterized  by  the  number  of  its  cycles  of  oscillations  per 
unit  time,  i.e.,  by  its  frequency. 

The  study  of  monochromatic  radiations  of  different  frequencies  serves 
as  a  basis  for  the  study  of  any  electromagnetic  radiation  because  any 
radiation  may  be  regarded  as  the  combination  of  monochromatic  com- 
ponents. In  fact,  no  radiation  ever  follows  a  perfectly  sinusoidal  course; 
actual  "monochromatic"  radiations  are,  at  best,  aggregates  of  ideally 
monochromatic  components  whose  frequencies  are  very  nearly  equal. 

At  any  instant  during  the  propagation  of  a  disturbance  away  from  an 
oscillating  current,  the  effect  of  successive  pulsations  of  the  current  have 
reached  points  at  various  distances  from  the  source.  Figure  1-12  repre- 
sents diagrammatically  the  strength  and  direction  of  the  force  that  acts  on 
electric  charges  placed  at  various  positions  around  a  vertical  "antenna." 
The  diagram  displays  the  wavelike  character  of  the  propagation  of 
radiation. 

The  distance  between  successive  layers  of  points  where  the  electric 
force  has,  for  instance,  maximum  strength  and  equal  direction  is  called 
the  "wave  length  of  the  radiation."     The  wave  length,  X,  equals  the 


Fig.  1-12.  Schematic  diagram  of  the 
distribution  of  the  electric  field  about 
an  antenna. 
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product  of  the  velocity  of  propagation  of  the  radiation  and  of  the  duration 
of  one  oscillation  of  the  current.  The  velocity  of  propagation  c  is  given 
very  approximately  by 

c  =  3  X  10'  meters/sec  =  3  X  10 1"  cm/sec  (7) 

in  empty  space,  in  air,  and  in  other  gases.  The  duration  of  one  oscillation 
is  the  reciprocal  of  the  frequency,  v,  of  oscillations  per  second.  Conse- 
quently, the  basic  relation  between  wave  length  and  frequency  is 

X  =  c/v  (8) 

The  frequency  of  electromagnetic  radiation  can  have  any  value  in 
principle,  according  to  present  knowledge.  Radiations  of  frequencies 
up  to  more  than  10"^^  cycles/sec,  whose  wave  lengths  range  down  to  about 
10"^*  cm,  have  been  studied  experimentally. 

Radiation  of  "low"  frequency  succeeds  in  driving  electric  currents  back 
and  forth  through  macroscopic  portions  of  matter  such  as  wires  or  other 
conductors.  If  the  frequency  is  higher  than,  say,  10^-  cycles/sec,  the 
currents  cannot  travel  over  macroscopic  distances  within  a  cycle  of  oscil- 
lation of  the  disturbance,  but  currents  confined  within  atoms  become 
important.  Low  mass  and  high  rigidity  make  atomic  and  subatomic 
structures  particularly  apt  to  oscillate  with  very  high  frequencies  (above 
10^^  cycles/sec).  Atomic  charges  perform  forced  oscillations  under  the 
driving  influence  of  a  monochromatic  radiation.  The  intensity  of  these 
oscillations  depends  on  the  same  circumstances  which  govern  the  forced 
oscillations  of  any  mechanical  system. 

Any  mechanical  system  which  is  stable  but  susceptible  to  elastic 
deformation  is  capable  of  performing  free  elastic  oscillations  with  charac- 
teristic frequencies  of  its  own.  The  electrically  charged  particles  within 
matter,  primarily  the  atomic  electrons,  constitute  an  elastic  system  whose 
characteristic  frequencies  are  very  high.  Forced  oscillations  become 
extremely  intense  when  the  frequency  of  the  driving  force  coincides  with 
a  characteristic  frequency  of  the  oscillating  system.  This  particularly 
strong  reaction  of  atomic  charges  to  a  specific  radiation  is  called  "reso- 
nance." Similarly  a  very  intense  current  is  induced  in  the  wire  of  an 
oscillating  circuit  by  the  action  of  lower  freciuency  radiation  when  the 
circuit  is  "tuned"  to  oscillate  with  the  radiation  frequency. 

The  induction  of  intense  resonating  currents  within  the  atoms  of  a 
material  or  within  the  wires  of  a  macroscopic  circuit  requires  the  expendi- 
ture of  energy  by  radiation.  Therefore  the  occurrence  of  resonance  is 
associated  with  the  absorption  of  radiation. 

Radiation  of  any  particular  frequency  propagates  easily  only  through 
those  materials  whose  internal  currents  do  not  respond  easily  to  radiation 
of  that  frequency.  Even  in  the  absence  of  resonance,  the  proximity  of 
the  radiation  frequency  to  the  characteristic  frequencies  of  internal  cur- 
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rents  determines  the  speed  of  propagation  of  the  radiation.  Thus  the 
mode  of  interaction  of  radiation  with  any  material  appears  to  depend  to 
a  great  extent  on  the  radiation  frequency,  and  it  seems  natural  to  classify 
electromagnetic  radiation  according  to  its  frequency  or  wave  length. 

Newton  first  utilized  the  different  refraction  of  light  of  different  fre- 
quencies to  resolve  light  into  its  multicolored  components.  He  called 
the  resulting  pattern  of  colors  a  "spectrum."  The  analysis  of  radiation 
into  its  monochromatic  components  is  now  generally  called  "spectral 
analysis." 

l-3b.  The  Potency  of  Electromagnetic  Radiation.  The  effects  of  reso- 
nance establish  a  connection  between  the  frequency  of  radiation  and  its 
ability  to  affect  various  portions  of  matter,  because  the  energy  of  radia- 
tion is  absorbed  selectively  when  the  internal  currents  happen  to  resonate 
with  the  radiation. 

However,  a  much  more  striking  connection  between  the  frequency 
and  the  potency  of  radiation  appears  when  the  effect  of  radiation  on 
individual  atomic  particles  is  observed.  Such  observations  can  be  made, 
for  example,  in  the  study  of  the  "photoelectric  effect,"  in  which  phenome- 
non electrons  escape  from  matter  under  the  influence  of  monochromatic 
light.  Each  ejected  electron  turns  out  to  have  received  from  the  light  a 
definite  amount  of  energy  which  is  proportional  to  the  light  frequency. 
The  proportionality  constant  (/i),  which  is  called  the  "Planck  constant," 
always  has  the  same  value: 

h  =  6.62  X  10-"  erg  sec  =  4.14  X  IQ-^'^  ev  sec  (9) 

For  example,  ultraviolet  light  with  a  wave  length  of  2500  angstrom  units 
(A),  equal  to  2.5  X  10~^  cm,  has  a  frequency  v  of 

3  X  1010/2.5  X  10-^  =  1.2  X  10'^  cycles/sec 

according  to  Eqs.  (7)  and  (8).  The  energy  which  this  light  imparts  to  an 
electron  equals  the  product 

hv  =  4.14  X  10-1^  X  1.2  X  101-^  =  4.96  ev  (10) 

A  certain  minimum  amount  of  energy  is  required  to  eject  any  electron 
from  the  atoms  of  matter.  Therefore  low-frequency  radiation,  which  can 
impart  only  a  small  amount  of  energy  to  an  electron,  may  be  wholly 
incapable  of  ejecting  electrons.  For  example,  light  of  2500  A  which 
imparts  to  electrons  4.96  ev  at  a  time,  can  produce  no  photoelectric  effect 
in  any  monoatomic  vapor  except  cesium  (for  which  3.87  ev  is  sufficient). 
However,  this  light  is  capal)le  of  extracting  electrons  from  a  number  of 
solid  metals  because  electrons  are  less  strongly  bound  within  solid  metals 
than  within  vapor  atoms  of  the  same  elements.  The  lowest  frequency  of 
radiation  capable  of  ejecting  electrons  from  a  material  is  called  the 
"photoelectric  threshold"  of  that  material. 
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The  amount  of  energy  hv  which  electromagnetic  radiation  of  frequency 

V  is  capable  of  transferring  to  an  electron  in  a  single  process  is  called  a 
"photon"  or  "radiation  quantum." 

All  pertinent  experiments  of  atomic  physics  show  that  electromagnetic 
radiation  always  transfers  energy  to  matter  in  finite  lumps,  i.e.,  one 
photon  at  a  time.  In  fact,  all  experiments  which  can  indicate  the  size  of 
energy  transfers  with  sufficient  accuracy  confirm  that  the  transfer  of 
energy  "photon  by  photon"  is  a  general  law. 

The  diseontinous  absorption  of  radiation  energy  in  lumps  is  not  detected  in 
macroscopic  systems  such  as  radio  antennas  for  the  following  reasons:  In  the 
first  place,  radio  circuits  respond  only  to  electromagnetic  radiation  whose  fre- 
quencies are  many  orders  of  magnitude  lower  than  the  frequency  of  light.  The 
photons  absorbed  by  radio  circuits  have  correspondingly  lower  energies.  In 
the  second  place,  even  an  amount  of  energy  whose  absorption  has  a  substantial 
effect  upon  a  single  atom  has  a  wholly  negligil)le  effect  on  a  wire  circuit.  Radio- 
frequency  circuits  in  practice  absorb  or  emit  huge  numbers  of  photons  within 
short  time  intervals,  and  the  discontinuity  of  the  energy  transfers  escapes 
detection. 

The  frequency  of  electromagnetic  radiation  is  thus  a  clearcut  index  of 
its  "potency."  The  photon  energy  hv  determines  the  ability  of  a  radia- 
tion to  accomplish  or  not  to  accomplish  any  given  effect  on  matter. 
Low-frequency  radiation  cannot  eject  electrons  from  atoms.  Higher 
frequency  radiation  is  photoelectrically  active,  but  the  amount  of  kinetic 
energy  which  it  imparts  to  an  ejected  electron  is  limited  by  the  magnitude 
of  each  photon. 

Electromagnetic  radiations  are  entered  in  the  chart  of  radiation 
potencies   (Fig.    1-5)  by  equating  the  potency  of  radiation  of  frequency 

V  to  that  of  a  corpuscular  radiation  whose  particles  have  a  kinetic  energy 
equal  to  hv. 

The  following  example  illustrates  the  interconnection  of  the  potencies 
of  corpuscular  and  electromagnetic  radiations.  Consider  an  X-ray  tube 
to  which  is  applied  a  potential  difference  of  85  kv.  The  electrons  within 
the  tube  strike  the  target  with  an  energy  of  85  kev.  The  target  radiates 
X  rays  consisting  of  a  variety  of  monochromatic  components  whose  fre- 
quencies range  up  to  a  maximum  value  v^^^.  This  value  is  fixed  by  the 
condition  that  an  electron  cannot  possibly  radiate  more  energy  than  it 
possesses  initially.  Therefore  the  maximum  photon  energy  equals  the 
kinetic  energy  of  the  electron: 

^I'max  =  85  kev 
v^^^  =  85,000/4.15  X  10-1^  =  2.05  X  lO^^  cycles/sec  (11) 

The  X-ray  wave  lengths  exceed  a  corresponding  minimum  value: 

Xn.in  =  c/v„,^,  =  3  X  10172.05  X  W  =  1.46  X  10-«  cm  =  0.146  A 
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The  X-ray  photons  can  in  turn  eject  electrons  by  photoelectric  effect  from 
any  material  around  the  X-ray  tube.  The  kinetic  energies  which  these 
"photoelectrons"  receive  from  the  radiation  range  up  to  85  kev.  Thus 
the  energy  of  the  corpuscular  radiation  in  the  tube  is  transferred  by 
intermediary  X  rays  to  a  new  corpuscular  radiation  generated  outside  the 
tube.  The  decrease  of  potency  involved  in  the  transfer  may  be  ciuite 
small. 

l-3c.  Classification  of  Electromagnetic  Radiations.  There  are  two  fre- 
quency ranges  at  which  electromagnetic  radiation  is  very  strongly 
absorbed  by  practically  any  kind  of  matter.  One  is  the  range  between 
approximately  10"  and  10^^  cycles/sec  (corresponding  to  photon  energies 
of  0.0004  to  0.04  ev,  or  wave  lengths  of  0.3-0.003  cm).  Electromagnetic 
radiation  of  these  frequencies  induces  resonating  currents  associated  with 
the  motion  of  whole  atoms  with  respect  to  one  another. 

The  other  range  of  strong  absorption  runs  approximately  from  10^^  to 
10^^  cycles/sec  (corresponding  to  photon  energies  from  4  to  400  ev  or 
wavelengths  of  30-3000  A).  Oscillating  currents  associated  with  the 
motion  of  electrons  within  atoms  are  responsible  for  this  absorption. 
Radiation  in  these  two  ranges  of  strong  absorption  is  unwieldy.  There- 
fore the  frecjuency  spectrum  which  finds  most  practical  application  con- 
sists of  three  separate  portions  lying  below,  between,  and  above  the 
ranges  of  strong  absorption  (see  Fig.  1-5). 

Radiation  of  the  lower  frequency  range,  up  to  10"  cycles/sec,  propa- 
gates freely  through  insulators  (but  drives  oscillating  currents  through 
conductors,  and  is  absorbed  in  doing  so).  It  is  usually  called  "radio 
waves"  or  "hertzian  waves";  radiation  whose  frequency  lies  in  the  upper 
part  of  this  range  (above  10"  cycles/sec)  is  usually  called  "microwaves." 

Radiation  of  the  frequency  band  3.85  to  7.7  X  10^*  cycles/sec  affects 
the  human  eye  and  is  called  "light."  The  term  "ultraviolet  hght" 
applies  to  radiations  of  higher  frequency,  perhaps  up  to  10^^  cycles/sec. 
The  term  "infrared  light"  applies  to  radiation  of  frequency  lower 
than  visible  light  and  higher  than  radio  waves.  Infrared,  visible,  and 
ultraviolet  light  together  cover  the  middle  or  "optical"  portion  of  the 
spectrum.  Radiations  of  this  range  penetrate  easily  through  homogene- 
ous pure  substances  in  which  the  external  electrons  of  each  atom  or 
molecule  are  held  comparatively  tightly. 

Radiations  of  such  high  frecjuency  as  to  be  poorly  absorbed  by  most 
atomic  electrons  (see  Sect.  2-3)  are  called  "X  rays"^  and  cover  the  third 
main  frequency  range,  above  10^^  to  10^^  cycles/sec.     X  rays  emitted  by 

^  The  term  "  X  rays  "  is  tentatively  applied  in  this  chapter  to  cover  all  high-frequency 
radiations,  no  matter  how  produced,  because  the  need  is  felt  for  a  single  expression  to 
be  used  in  this  connection.  No  such  term  is  at  present  in  general  use.  The  term 
"X  ray"  is  often  understood  to  refer  to  radiation  produced  by  the  impact  of  electrons 
on  a  target,  or  otherwise  by  atomic  electrons,  and  thus  not  to  include  y  rays. 
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oscillating  currents  within  the  atomic  nuclei  are  usually  called  "7  rays." 
The  oscillating  currents  within  nuclei  cause  the  absorption  of  X  rays,  but 
only  to  a  small  extent.  Cosmic  rays  include  electromagnetic  radiation 
of  the  highest  frequency  known;  this  radiation  may  be  called  the  "7-ray 
component  of  cosmic  rays." 

l-3d.  Detection  of  Electromagnetic  Radiation.  The  detection  relies 
directly  or  indirectly  on  the  effects  of  the  electric  currents  which  electro- 
magnetic radiation  induces  within  matter. 

In  the  range  of  radio  or  microwave  frequencies,  i.e.,  of  wave  lengths 
from  miles  down  to  millimeters,  the  currents  induced  in  a  receiving 
antenna  or  in  an  equivalent  circuit  are  studied  conveniently  by  electrical 
engineering  techniques. 

In  the  range  between  the  radio  and  the  optical  frequency,  i.e.,  of  wave 
lengths  between  1  mm  and  a  few  microns,  the  detection  is  less  sensitive 
and  specific.  It  is  usually  based  on  the  observation  of  small  temperature 
rises  caused  by  the  dissipation  of  radiation  energy  in  any  material. 

Beginning  with  the  optical  frequency  range,  radiation  becomes  capable 
of  exerting  lasting  effects  on  individual  atoms  or  molecules.  Some  of 
these  effects  result  in  chemical  transformations.  In  particular  the  photo- 
graphic effect  is  convenient  and  fairly  sensitive.  The  electric  effects,  due 
to  the  separation  of  atomic  charges  or  even  to  the  generation  of  secondary 
charged  corpuscular  radiations,  are  often  still  more  convenient  and  sensi- 
tive. For  example,  photoelectrons  ejected  from  atoms  can  be  scored  one 
by  one  (see  Sect.  1-la).  It  is  generally  also  possible  to  measure  the 
energy  of  these  electrons.  In  general,  high-frequency  radiations  are 
studied,  through  the  secondary  electrons  which  they  release,  by  the 
methods  indicated  in  Sect.  1-la. 

1-4.  PRODUCTION  OF  ELECTROMAGNETIC  RADIATION 

The  general  method  of  producing  electromagnetic  radiation  of  given 
frequency  is,  naturally,  to  pj-oduce  electric  currents  in  systems  apt  to 
oscillate  with  that  frequency.  This  is  done  in  the  radiofrequency  range 
by  electrical  techniques  which  are  highly  developed  but  discussion  of 
which  is  beyond  our  present  concern.  Suitable  techniques  of  the  same 
nature  are  not  available  to  generate  electric  currents  of  frequency  much 
above  10^^  cycles/sec  (100,000  megacycles/sec).  Hence  resort  is  made  to 
methods  which  utilize  the  properties  of  atoms. 

l-4a.  Production  of  Optical  Radiation.  Infrared,  visible,  and  ultra- 
violet light  of  all  frequencies  is  emitted  in  substantial  amounts  by  the 
atoms  of  any  condensed  material  at  a  sufficiently  high  temperature. 
The  average  frequency  of  the  radiation  emitted  increases  in  direct  ratio 
to  the  absolute  temperature  of  the  emitting  body  as  indicated  by  the 
correspondence  of  temperature  and  frequency  in  Fig.  1-5.  Figure  1-13 
shows  an  example  of  the  "spectral  distribution"  of  intensity  among 
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radiation  components  of  different  frequencies  at  various  temperatures. 
(The  characteristic  frequencies  of  oscillation  of  the  individual  atoms  in 
the  material  do  not  appear  in  this  spectrum  because  the  atoms  are  not 
isolated  but  are  continuously  and  variously  disturbed  by  other  adjacent 
atoms  under  the  influence  of  thermal  agitation.) 

Radiation  of  frequency  falling  within  narrow  limits  can  be  selected 
from  a  beam  containing  a  wide  variety  of  frequencies  by  means  of 
"monochromators"  such  as  a  spectroscope.  A  cruder  chromatic  analysis 
can  be  performed  with  filters  which  absorb  light  of  different  frequencies 
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Fig.  1-13.  Spectral  distribution  of  the  radiation  from  ovens  at  different  temperatures. 

to  a  different  extent.  These  methods  are  naturally  wasteful  of  energy 
since  they  utilize  only  a  small  fraction  of  the  radiation  available. 

For  better  efficiency  advantage  is  taken  of  the  fact  that  excited  atoms 
or  molecules  in  rarefied  gases  emit  light  of  characteristic  frequencies. 
The  atoms  are  excited  by  the  impact  of  electrons,  usually  in  an  electrical 
discharge.  With  suitable  technical  arrangements  it  is  possible  to  convert 
into  radiation  of  desired  wave  lengths  a  substantial  fraction  of  the  energy 
imparted  to  the  discharge  (Fig.  1-14).  This  method  is  now  being  used 
increasingly  also  for  illumination  purposes. 

Certain  substances  have  the  property  of  absorbing  light  of  compara- 
tively high  frequencies  and  of  reemitting  it  as  light  within  a  limited  range 
of  lower  frequencies.  This  phenomenon  is  called  "fluorescence."  In  the 
fluorescent  lamps  a  gas  emits  primary  radiation  which  is  ultraviolet  and 
is  turned  into  visible  by  a  fluorescent  material  which  is  part  of  the  lamp 
wall. 
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l-4b.  Production  of  X  Rays.  The  internal  electrons  of  atoms  radiate 
X  rays  of  definite  frequencies  when  they  are  set  in  oscillating  motion. 
These  frequencies  are  characteristic  for  each  kind  of  atom  and  are  much 
higher  for  heavy  than  for  light  atoms  because  higher  nuclear  charges 
hold  the  internal  electrons  more  rigidly  (see  Sect.  2-la).  The  correspond- 
ing photon  energies  range  up  to  120  kev.  Oscillating  motions  of  internal 
electrons  arise  when  an  internal  atomic  electron  is  knocked  off  by  the 
impact  of  a  fast  electron  or  other  particle. 

Atomic  nuclei  also  emit  monochromatic  X  rays,  or  y  rays,  of  character- 
istic frequencies  determined  by  their  internal  oscillating  currents.  This 
happens  only  when  the  nuclei  Ijave 
been  excited  by  a  collision  or  as  the 
consequence  of  a  spontaneous  disinte- 
gration. The  monochromatic  y  rays 
obtained  in  this  way  usually  have  very 
low  intensity.  The  highest  photon 
energies  are  released  in  the  formation  of 
He^  and  Be^  nuclei  and  amount  to  ap- 
proximately 20  and  17.6  Mev,  respec- 
tively. They  are  obtained  by  bom- 
barding with  protons  the  unstable 
isotope  of  hydrogen,  H.^,  or  the  stable 
isotope  of  lithium,  Li'. 

Whether  these  monochromatic  X  rays 
originate  from  internal  atomic  electrons 
or  from  nuclei,  the  primary  agent  is 
always  a  high-energy  corpuscular  radia- 
tion. On  the  other  hand,  whenever 
high-energy  electrons  strike  a  target  material,  X  rays  are  also  produced 
directly  by  the  electrons  through  an  entirely  different  mechanism  and  in 
much  larger  amounts,  at  least  if  the  material  has  a  high  atomic  weight. 

In  the  course  of  their  flight  through  the  atoms  the  electrons  experience 
sudden  accelerations  as  they  find  themselves  momentarily  attracted  by 
the  atomic  nuclei.  Such  a  jerky  motion  of  charged  particles  constitutes 
the  source  of  pulsed,  irregular,  rapidly  variable  electromagnetic  disturb- 
ances, namely,  the  X  rays.  This  is  actually  the  main  practical  mecha- 
nism of  X-ray  production.  X  rays  produced  in  this  manner  are  often 
called  Bremsstrahlung. 

A  typical  X-ray  tube  is  shown  in  Fig.  1-15.  Electrons  emitted  by  the 
filament  are  attracted  by  the  positive  pole  which  is  usually  called  the 
anode  or  "target."  Potential  differences  up  to  several  milHon  volts  may 
be  applied  to  tubes  of  this  general  type. 

Most  of  the  kinetic  energy  acquired  by  the  electrons  in  flight  is  turned  into 
heat.     Water  or  oil  cooling  of  the  anode  is  generally  employed  to  allow  for 
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increased  electron  bombardment  and  higher  X-ray  intensity.  (When  the  anode 
is  cool  it  releases  far  fewer  electrons  than  the  filament.  Therefore  electrons  can 
flow  easily  only  from  the  filament  to  the  anode  even  if  the  apj^lied  voltage  is 
reversed,  and  the  tube  may  be  employed  as  a  self-rectifying  unit  with  an  applied 

I a-c    potential.)     In    X-ray    tubes    of    earlier 

models  the  anode  is  not  cooled  and  becomes 
red  or  even  white  hot.  For  technical  data, 
see,  for  example,  Glasser  (1944),  pp.  1395  fT, 
The  faster  the  electrons,  the  sharper  are  the 
variations  of  their  motion  and  the  more  intense 
the  emission  of  X  rays.  The  higher  the  atomic 
number  of  the  target  material,  the  stronger  is 
the  attraction  exerted  by  the  nuclei  on  the 
electrons  and  the  more  intense  the  emission  of 
X  rays.  Under  ordinary  conditions  only  a 
small  fraction  of  the  energy  of  all  incident  elec- 
trons is  radiated.  This  fraction  y  is  approxi- 
mately proportional  to  the  atomic  number  Z  of 
the  target  material  and  to  the  accelerating 
voltage  T'  applied  to  the  electrons  in  the  tube  according  to  the  formula 
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Fig.  1-15.  Diagram  of  a  medium- 
voltage  X-ray  tube. 
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F.op  exapiple,  if  the  anode  is  of  tungsten  (Z  =  74)  and  the  accelerating  voltage 
is;  100^ 000  volts,  the  energy  fraction  radiated  is  y  ~  0.0074  ~  0.01  within  the 
Unjlt^pf  this  approximation.  The  value  of 
if  approaches '%  in  the  case  of  a  tungsten 
■feew.'gft^rfer  an  applied  voltage  of  10  Mev. 
fti*  foMiuk,  no*  longer  holds  at  higher  elec- 
tron energies.    „    '• 

The.X  rays  emitted  by  the  electrons  as 
they  move  jerMly  across  atoms  consist  of  a 
■<.  con^nuous  spectrum  of  monochromatic 
co'nfpdnents  whose  frequencies  range  up  to 
a  maximum  value  I'max-  The  maximum 
energy  hv^nnx.  of  the  X-ray  photons  equals 
the  kinetic  energy  of  the  electrons  which 
strike  the  anode  in  the  X-ray  tube.  Figure 
1-16  shows  the  intensity  of  the  components 
of  different  frequencies  in  a  typical  X-ray 
spectrum. 

Electron  accelerators  of  the  types  de- 
scribed in  Sect.  l-2b  (betatrons  and  synchro- 
trons) serve  to  produce  X  rays  of  very  high 
frequencies  and  high  photon  energies. 
The  X  rays  are  generated  when  the  elec- 
trons, after  acceleration,  hit  a  target,  preferably  of  heavy  metal. 

The  X  rays  emitted  by  electrons  in  the  multimillion-volt  range  propagate 
mainly  in  the  original  direction  of  the  electrons  since  they  carry  most  of  the 
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momentum  which  was  previously  possessed  by  the  electrons  themselves.  X  rays 
of  lower  frequency  are  emitted  more  uniformly  in  different  directions  (see  Fig. 
1-17). 

When  the  voltage  applied  to  an  X-ray  tube  is  rather  low  and  the  anode  material 
rather  light,  the  intensity  of  the  "characteristic"  X  rays  arising  from  oscillating 


200  400  600  800 

INTENSITY,    arbitrary    units 
Fig.  1-17.  Approximate  X-ray  intensity  distribution  in  different  directions  for  oper- 
ation  at   different   voltages   and   with   different   target   materials.      (A)    Aluminum 
target,  34  kev  (Honerjdger,  1940).      (B)  Tungsten  target,  1.25  Mev  (Buechner  et  al., 
1948).     (C)  Tungsten  target,  2.00  Mev.     (D)  Tungsten  target,  2.35  Mev. 
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Fig.  1-18.  Approximate  spectral  distribution  of  X  rays  from  a  molybdenum  target 
tube  operated  at  35  kv.  Notice  the  two  ''lines "  of  characteristic  X  rays  of  the  target 
material. 


currents  within  the  atoms  compares  with  the  intensity  of  the  "continuous"  spec- 
trum generated  directly  by  the  incident  electrons.  Figure  1-18  shows  a  spectrum 
of  the  intensity  of  the  X-ray  components  of  different  frequencies  emitted  by  a 
tube  with  a  molybdenum  anode  operated  at  35  kv. 

Monochromatic  X  rays  of  wave  lengths  ranging  dowm  to  less  than 


10-1"  cm  =  0.01  A 
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corresponding  to  photon  energies  of  more  than  1  Mev,  have  been  separated  from 
continuous  spectra  by  means  of  crystal  spectrometers.  The  intensity  obtained 
in  this  way  is  quite  low  and  the  method  serves  only  for  purpose  of  analysis. 

Radioactive  materials  often  prove  very  convenient  as  sources  of  7  rays, 
especially  because  the  spectrum  of  this  radiation  consists  of  a  single  or  at 
most  of  a  few  frequencies.  For  data  on  radioactive  sources  see  Sect.  l-2c 
of  this  chapter,  Way  et  at.  (1950),  and  the  Isotopes  Catalogue  (1949). 


2.  ACTION  OF  RADIATIONS  ON  ATOMS  AND  MOLECULES 

The  action  of  radiations  on  matter  can  be  analyzed  into  a  succession  of 
separate  "elementary  processes,"  each  of  which  involves  only  one  or  a  few 
atomic  particles.  For  example,  individual  electrons  spring  out  from  air 
molecules  here  and  there  in  the  space  exposed  to  X  rays  (see  Sect.  4-3d, 
Fig.  1-74).  All  air  molecules  located  in  equivalent  positions  with  respect 
to  the  X-ray  source  have  an  equal  chance  of  experiencing  the  loss  of  an 
electron.  Not  only  the  ejection  of  electrons  but  many  other  types  of 
elementary  processes  occur  as  random  events  among  the  atoms  of  a  por- 
tion of  matter  exposed  to  radiation. 

Atoms  exhibit  a  remarkable  statistical  behavior  in  a  great  variety  of  phe- 
nomena. For  example,  the  radioactive  transformation  in  which  an  a  particle 
springs  out  of  a  radium  atom  may  take  place  with  equal  chance  in  each  atom  of  a 
sample  during  any  given  interval  of  time.  Even  though  all  conceivable  care  is 
exerted  in  placing  all  atoms  of  a  material  under  identical  experimental  conditions, 
the  individual  atoms  act  erratically  in  statistical  fashion.  Therefore  the  laws 
which  describe  the  behavior  of  atoms  are  necessarily  formulated  in  statistical 
language.  For  example,  each  radium  atom  has  a  probability  of  2.7  X  10"^^  of 
ejecting  an  a  particle  during  each  1-sec  interval.  This  is  to  say  that  (1)  out  of 
a  very  large  number  N  of  atoms,  2.7  X  lO'^^A'^  disintegrate,  on  the  average, 
every  second;  (2)  all  remaining  atoms  are  equally  likely  to  disintegrate  in  the 
next  second,  and,  all  atoms  being  identical,  there  is  no  conceivable  way  of  pre- 
dicting which  atoms  will  disintegrate  next;  and  (3)  the  probability  of  disintegra- 
tion of  any  one  atom  remains  constant  in  the  course  of  time  and  does  not  increase 
in  relation  to  the  duration  of  previous  survival  of  the  atom.  The  value  of  the 
probability  of  disintegration  is  subject  to  no  external  influence. 

Statistical  laws  are  encountered  in  various  fields  of  knowledge.  The  observed 
randomness  of  events  is  usually  understood  to  result  from  circumstances  in  pre- 
ceding operations  which  have  been  disregarded  either  deliberately  or  because  of 
practical  circumstances.  For  example,  the  dealing  of  a  certain  "hand"  in  a 
game  of  cards  depends  on  the  details  of  the  mechanism  of  shuffling.  These 
details  are  disregarded,  with  the  implication  that  it  would  be  actually  possible  to 
keep  track  of  all  details  and  thereby  to  predict  the  result  of  the  subsequent  deal. 

However,  the  randomness  of  atomic  events  does  not  appear  to  reflect  cir- 
cumstances that  are  controllable  in  principle,  but  it  is  regarded  as  a  primitive 
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fact  of  nature.  Thus  the  electromagnetic  disturbance  which  propagates  away 
from  an  X-ray  tube  truly  appears  to  disturb  all  air  molecules  evenly;  the  equal 
disturbance  eventuates  in  the  ejection  of  electrons  from  a  few  random  molecules, 
but  no  lasting  effect  results  in  the  other  molecules. 

The  uncontrolled  random  behavior  of  atoms  is  regarded  altogether  differently 
from  the  uncontrolled  behavior  of  other  objects.  The  "biological  variability" 
of  a  population  usually  appears  to  stem  from  a  complexity  of  circumstances 
which  seem  too  difficult  to  control  in  practice  even  though  controllable  in  princi- 
ple. Therefore  biological  variability  is  looked  upon  as  a  practical  obstacle  to  be 
overcome.  The  variability  of  the  reactions  of  different  atoms  is  taken  at  face 
value  as  an  inhei'ent  property  of  the  atoms  rather  than  as  the  expression  of  hidden 
determining  influences. 

Since  exposure  to  radiation  leads  to  observable  effects  which  are  local- 
ized in  separate  molecviles  or  atoms  or  even  in  portions  of  atoms,  it  is  con- 
venient to  study  the  various  kinds  of  localized  effects  separately.  These 
local  effects  may  be  called  "elementary  processes"  and  represent  the 
component  elements  of  the  complex  action  of  radiation  on  matter. 

The  important  elementary  processes  will  be  outlined  here,  following  a 
summary  of  data  on  the  properties  of  atoms. 

2-1.  SUMMARY  OF  INFORMATION  ON  ATOMS  AND  MOLECULES 

2-la.  The  Structure  of  Atoms.  Each  kind  of  atom  is  identified  by  two 
whole  numbers,  namely,  the  atomic  number  Z  and  the  mass  number  A. 
The  mass  number  is  the  integer  nearest  to  the  atomic  weight.  An  atom 
consists  of  the  following  components,  when  it  is  electrically  neutral: 

(1)  A  nucleus  which  bears  a  positive  charge  ecjual  to  Z  times  e  [see 
Eq.  (2)]  and  includes  practically  the  whole  mass  of  the  atom.  The 
nucleus  is  a  compact  aggregate  of  Z  protons  and  A  —  Z  neutrons.  Its 
radius  does  not  exceed  10~^'-  cm.  The  aggregate  holds  together  stiffly 
owing  to  strong  attractive  forces  which  operate  only  between  particles 
very  close  to  one  another,  i.e.,  no  more  than  a  few  times  10""^^  cm  apart. 
These  forces  are  still  known  only  imperfectly  and  are  called  "nuclear 
forces." 

(2)  A  cloud  of  Z  electrons  which  occupy  a  volume  with  an  approximate 
radius  of  1  A  =  10^*  cm.  The  cloud  holds  together  owing  to  the  electric 
attraction  exerted  by  the  nuclear  charge  upon  the  electrons.  This 
attraction  predominates  over  the  repulsion  between  electrons  because  of 
the  magnitude  of  the  nuclear  charge. 

For  example,  ordinary  sodium  consists  of  a  single  kind  of  atoms  with 
atomic  weight  22.997.  These  atoms  have  the  atomic  number  Z  =  11  and 
the  mass  number  A  =  23.  Their  nuclei  consist  of  11  protons  and  of 
23  —  11  =  12  neutrons.  The  body  of  each  atom  consists  of  11  electrons 
which  move  about  the  nucleus.  Ordinary  nitrogen  consists  of  two  kinds 
of  atoms,  namely,  the  "isotopes"  of  atomic  weight  14.008  and  15.005. 
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Both  isotopes  have  the  atomic  number  Z  =  7,  but  their  mass  numbers  are, 
respectively,  14  and  15.  Nitrogen  nuclei  of  mass  number  14  consist  of  7 
protons  and  7  neutrons;  those  of  mass  number  15  consist  of  7  protons  and 
8  neutrons.     All  nitrogen  atoms  contain  a  cloud  of  7  electrons. 

Nuclei  can  absorb  or  eject  protons,  neutrons,  and  other  particles,  as  well 
as  photons  of  electromagnetic  radiation.  Nuclear  processes  involve  the 
uptake  or  release  of  energy  in  amounts  which  are  generally  of  the  order  of 
1  Mev  or  more,  i.e.,  far  larger  than  the  amounts  involved  in  most  extra- 
nuclear  processes. 

The  energy  required  to  extract  an  electron  from  an  atom  is  called  the 
"binding  energy"  or  the  "ionization  potential"  of  that  electron.     The 

order  of  magnitude  of  the  electronic  bind- 
ing energies  can  be  estimated  from  a 
knowledge  of  the  electric  charges  of  the 
atomic  particles  and  of  their  average  dis- 
tances. Two  particles  bearing  an  electric 
charge  of  magnitude  e  and  lying  1  A  apart 
have  a  potential  energy  of  15  ev.  This 
energy  is  comparable  to  the  lower  ioniza- 
tion potentials  of  atomic  electrons  and  a 
little  larger  than  the  energies  of  chemical 
bonds  between  atoms. 

Each  electron  of  a  neutral  atom  is  at- 
tracted by  the  positive  charge  Ze  of  the 
nucleus  and  repelled  by  the  other  Z  —  1 
electrons.  However,  the  repulsions  ex- 
erted by  the  other  electrons  act  in  different 
directions  and  cancel  each  other  in  part. 
It  may  be  stated  with  close  approximation 
that  each  electron  is  effectively  repelled  away  from  the  nucleus  only  by 
that  portion  of  the  total  electronic  charge  which  is  closer  to  the  nucleus 
than  the  electron  itself  (Fig.  1-19).  The  remaining  portion  of  the  elec- 
tronic charge  does  not  exert  any  substantial  net  force.  Therefore  any 
electron  appears  to  be  attracted  toward  the  nucleus  by  an  "effective 
charge,"  Ze/fC,  which  is  smaller  than  the  actual  charge  and  depends  on  the 
distance  of  that  electron  from  the  nucleus. 

An  electron  on  the  edge  of  the  atom  is  kept  away  from  the  nucleus 
practically  by  all  its  fellow  electrons,  so  that  Z^  ~  Z  —  (Z  —  1)  =  1. 
Hence  the  binding  energy  of  this  electron  must  be  comparable  to  the 
binding  energy  of  the  single  electron  of  an  H  atom  (Z  =  1),  i.e.,  ~10  ev. 
The  actual  value  of  the  binding  energy  of  the  outermost  electron  in 
different  atoms  depends  on  the  number  of  electrons  in  the  external  layers 
of  the  atom  (see  Fig.  1-20).     This  number  depends,  in  turn,  on  the  total 
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Fig.  1-19.  Diagram  of  inter- 
actions among  atomic  electrons. 
The  forces  on  the  innermost 
electron  (a)  tend  to  cancel  out. 
The  forces  on  the  outermost 
electron  (f)  combine  to  yield  a 
net  repulsion  away  from  the 
nucleus. 
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number  Z  of  electrons  and  therefore  on  the  position  of  the  atom  in  the 
periodic  system.  In  general,  the  properties  of  the  external  electrons  of  an 
atom  are  identified  with  its  chemical  characteristics. 

Electrons  with  Z^^  >  1  are  attracted  by  the  nucleus  Z^^  times  more 
strongly  and  held  approximately  Zeff  times  closer  to  the  nucleus  than  an 
electron  with  Z  =  1.  Consequently  the  binding  energy  is  approxi- 
mately Zpff  times  larger  than  in  the  case  of  the  H  atom. 

The  innermost  electron  experiences  the  full  attraction  of  the  nucleus; 
consequently  Ze(f  «  Z. 
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Fig.  ]-20.  Lowest  and  highest  ionization  potentials  of  the  elements. 


In  conclusion,  it  may  be  stated  that  the  binding  energy  of  individual 
electrons  within  an  atom  of  atomic  number  Z  varies  between  '^'10  and 


lOZ^ 


ev. 


It  follows  from  these  data  that  physical  phenomena  taking  place  in  the 
inner  and  outer  portions  of  an  atom  remain  rather  independent  of  one 
another.  On  the  one  hand  the  motion  of  the  inner  electrons  is  hardly 
affected  by  the  presence,  absence,  or  arrangement  of  the  outer  electrons, 
but  it  is  affected  greatly  by  the  strong  nuclear  attraction.  On  the  other 
hand  the  outer  electrons  experience  a  weaker  attraction  and  move  more 
slowly;  they  "see"  the  inner  electrons  as  forming  a  fixed  cloud  of  negative 
charge  around  the  nucleus. 

The  motion  of  the  atomic  electrons  can  proceed  steadily  according  to  a 
variety  of  possible  patterns,  which  are  called  the  characteristic  "sta- 
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tionary  states"  of  each  kind  of  atom  (Fig.  1-21).  The  stationary  state  in 
which  the  total  energy  of  all  electrons  is  lowest  is  called  the  "funda- 
mental" or  "normal"  state  of  the  atom. 

The  other  stationary  states  of  motion  of  the  atomic  electrons  are 
called  the  "excited"  states.  The  "excitation"  consists  of  an  excess 
kinetic  energy  which  is  usually  concentrated  on  a  single  electron.  The 
excited  electron  keeps  farther  away  from  the  nucleus  than  it  would  if 
it  were  not  excited,  on  account  of  its  more  active  motion.  The  binding 
energy  of  an  excited  electron  is  accordingly  reduced. 


2'Sy,[5'?]^]m'*ior-i 
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Fig.  1-21.  Diagrams  of  the  density  distribution  of  the  electron  of  a  hydrogen  atom 
in  various  states.      {H.  E.  White,  1934.) 

The  excitation  of  an  external  electron  requires  a  certain  minimum 
amount  of  energy  which  varies  from  a  few  to  about  twenty  electron  volts 
depending  on  the  number  of  electrons  in  the  external  layers  of  the  atom. 
This  energy  is,  normally,  2  to  4  ev  lower  than  the  binding  energy  of  the 
electron.  The  excitation  of  internal  electrons  requires  a  much  larger 
amount  of  energy,  which  is  very  nearly  equal  to  their  binding  energy. 

Although  each  atomic  electron  is  in  constant  motion  according  to  a 
fixed  pattern,  while  an  atom  remains  in  a  stationary  state,  the  statistical 
average  of  its  motion  yields  no  net  oscillating  current.  However,  an 
oscillating  current  arises  while  the  motion  of  the  electrons  changes  over 
from  one  to  another  stationary  state.  The  frequency  v  of  this  current 
is  proportional  to  the  energy  difference  AE  gained  or  lost  by  the  atom  in 
connection  with  the  change  of  motion,  according  to  the  basic  relation 

A^  =  hu  (12a) 

where  h  is  the  Planck  constant  [see  Eq.  (9)].  No  change  of  motion  from 
one  to  another  stationary  state  would  occur  but  for  disturbances  caused 
by  other  atoms  or  by  radiation. 
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Oscillating  currents  accompany  also  the  transitions  of  an  atom  from  a 
stationary  state  to  the  "ionized"  states  in  which  an  electron  moves 
away  with  sufhcient  energy  to  overcome  the  attraction  of  the  nucleus. 
The  frequency  of  these  currents  relates  to  the  energy  difference  of  the 
initial  and  final  states  according  to  Eq.  (12a).  Here  the  energy  A^ 
gained  by  the  atom  in  the  process  of  ionization  may  have  any  value 
larger  than  the  binding  energy  of  the  outermost  electron  because  an 
electron  which  breaks  loose  from  an  atom  may  carry  away  any  amount  of 
excess  energy. 

2-lb.  Aggregates  of  Atoms.  Chemical  bonds 
arise  when  the  combined  external  electrons  of 
two  or   more  adjacent  atoms  can  take  up  a  4- 

coordinated  motion  such  that  their  total  energy  I 

is  lower  than  it  would  be  if  the  atoms  remained  -^—-—4. 

separate.  The  bond  formation  may  involve  an 
excess  concentration  of  electrons  on  some  atoms 
and  an  equivalent  defect  on  other  atoms.  The 
energy  released  by  the  formation  of  a  chemical 
bond  is  of  the  same  order  of  magnitude  as  the 
energy  differences  of  the  stationary  states  of  \_^ 

outer  electrons  in  an  atom,  i.e.,  of  the  order  of      p^,    i_22.  Diagram  of  the 
a  few  electron  volts.  mutual    orientation    of    a 

Molecules  and  crystals  of  various  constitu-     group  of  water  molecules 
tion  and  stability  result  from  the  aggregation  of      ^^ich  yields  a  net  attrac- 
,  ,       ,         .11         1  T-.    .  1  tion  between  their  positive 

atoms  through  chemical  bonds.     Rather  gen-     ^^^  ^^^^^.^^  ^j^^^^^^ 

eral  arguments  of  atomic  mechanics  suffice  to 

explain  why  and  under  what  conditions  chemical  bonds  are  actually 

formed. 

Other  types  of  atomic  aggregates,  such  as  liquids,  plastics,  or  col- 
loidal systems,  are  less  rigid  and  stable  than  molecules  or  crystals.  They 
result  from  cohesive  forces  among  atoms  and  molecules,  which  are  weaker 
and  less  specific  than  chemical  bonds.  These  forces  result  from  a  suit- 
able mutual  adjustment  of  the  electric  charges  within  separate  but 
adjacent  molecules.  In  essence,  the  electrons  of  each  atom  or  molecule 
draw  particularly  close  to  one  of  the  nuclei  of  another  atom.  In  some 
substances,  for  example,  water,  the  center  of  mass  of  the  electrons  of  each 
molecule  does  not  normally  coincide  with  the  center  of  mass  of  the 
nuclei;  therefore  there  results  an  excess  concentration  of  negative  charge 
on  one  side  of  the  molecule  and  an  excess  positive  charge  on  the  opposite 
side.  Intermolecular  attraction  arises  then  merely  from  a  suitable 
orientation  of  adjacent  molecules  (see  Fig.  1-22).  This  attraction  is 
called  a  "polar  force."  In  other  substances,  where  the  electrons  tend 
to  remain  more  evenly  distributed  about  the  nuclear  charges,  the  elec- 
tronic distribution  becomes  nevertheless  distorted  by  the  very  proximity 
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of  adjacent  molecules.  These  distortions  give  rise  to  a  net  attraction 
which  is  still  weaker  than  polar  forces  and  is  called  a  "van  der  Waals 
force."  Notice  that  both  kinds  of  cohesive  forces  are  of  electric  nature 
even  though  they  act  between  molecules  that  do  not  carry  any  net  charge. 
The  various  kinds  of  aggregates  of  atoms  are  treated  by  Pauling  (1940); 
Rice  and  Teller  (1949);  Slater  (1939),  Chaps.  22  ff. 

The  motion  of  electrons  within  a  molecule  or  crystal  can  proceed 
steadily  in  a  variety  of  stationary  states,  as  in  atoms.  Moreover,  the 
atoms  within  a  molecule  or  crystal  move  bodily  with  respect  to  one 
another  in  oscillatory  or  rotary  fashion  in  a  variety  of  stationary  states. 
Therefore  the  combined  set  of  stationary  states  is  far  more  numerous 
and  varied  for  an  aggregate  of  atoms  than  for  a  single  atom. 

The  energy  required  to  excite  the  bodily  motion  of  atoms  in  a 
molecule  with  respect  to  one  another  equals  only  a  small  fraction  of  the 
energy  released  by  the  formation  of  chemical  bonds.  This  excitation 
energy  is  smaller  than  the  excitation  energy  of  electrons,  in  general  by 
one  or  more  factors  of  10.  It  is  always  smaller,  often  much  smaller,  than 
1  ev.  In  fact,  many  forms  of  excitation  of  interatomic  motion  require  an 
energy  comparable  with  the  kinetic  energy  of  gas  molecules  at  room 
temperature,  0.1  ev  or  less.  The  heat,  i.e.,  the  thermal  energy,  which 
is  contained  in  any  material,  enables  these  forms  of  motion  to  spend  most 
of  the  time  in  one  or  another  excited  state. 

2-lc.  Ejfects  of  Excitation.  Radiations  act  upon  atoms  and  molecules, 
in  essence,  by  delivering  energy  to  single  atomic  particles,  i.e.,  by  exciting 
various  forms  of  internal  motion.  The  consequences  of  the  various 
kinds  of  excitation  depend  on  the  internal  mechanics  of  the  atom  or 
molecule  and  on  the  amount  of  excitation  but  do  not  depend  on  the 
source  of  the  excitation. 

An  electron  which  has  been  excited  to  a  sufficiently  high  level  of  energy 
cjuickly  leaves  the  atom  or  molecule  to  which  it  belongs.  This  process  is 
called  "ionization"  because  it  results  in  an  outright  separation  of  electric 
charges.  The  electron  has  little  chance  of  sharing  its  excitation  energy 
with  any  other  particle  because  its  kinetic  energy  is  generally  large  as 
compared  with  the  electric  force  of  interaction  with  any  one  of  the  other 
electrons. 

Nuclear  particles  are  much  more  apt  than  electrons  to  subdivide  their 
energies  because  each  particle  interacts  strongly  with  its  immediate 
neighbors.  Therefore  a  neutron  or  proton  which  receives  sufficient 
energy  to  break  out  of  the  nucleus  has  little  chance  of  doing  so  at  once 
(unless  the  nucleus  consists  of  a  very  few  particles  only  and  each  particle 
lies  practically  on  the  outer  surface).  If  and  when  a  particle  even- 
tually breaks  loose  from  the  nucleus,  as  a  result  of  an  excitation,  the 
remaining  nucleus  is  likely  to  keep  some  energy  of  excitation.  The 
ejection  of  a  particle  from  a  nucleus  is  called  a  "disintegration."     The 
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relative  likelihood  of  different  kinds  of  disintegration  is  discussed  sepa- 
rately in  Sect.  2-ld. 

The  excitation  of  the  motion  of  a  whole  atom  in  a  molecule  or  crystal 
with  respect  to  its  neighbors  is  also  apt  to  be  subdivided  quickly  among 
many  atoms.  However,  an  atom  which  belongs  to  a  small  molecule  has 
a  good  chance  of  breaking  loose  at  once  if  it  acquires  sufficient  energy. 
The  separation  of  an  atom  from  its  molecule  is  called  a  "dissociation." 

When  the  excitation  of  an  atomic  structure  does  not  suffice  to  overcome 
the  bonds  which  hold  the  structure  together,  the  excitation  normally 
can  subside  through  the  emission  of  electromagnetic  radiation.  The 
nucleus,  atom,  or  molecule  "drops"  from  an  excited  stationary  state  to 
another  stationary  state  of  lower  energy.  The  energy  difference  radiates 
away  as  a  photon  of  electromagnetic  radiation.  The  radiation  arises 
from  the  oscillating  current  of  characteristic  frequency  which  accom- 
panies the  changeover  from  one  pattern  of  internal  motion  to  another. 
According  to  Eq.  (12a)  one  photon  of  the  emitted  radiation  amounts 
to  an  energy  hv  exactly  equal  to  the  energy  difference  AE  between 
the  initial  and  final  states  of  the  atom. 

The  excitation  may  subside  in  one  or  more  steps  depending  on  whether 
the  atomic  structure  returns  to  its  normal  state  directly  or  through  a  suc- 
cession of  intermediate  stationary  states.  Alternately,  the  excitation 
energy  may  be  released  by  direct  transfer  to  an  adjacent  atomic  structure. 
A  direct  transfer  is  quite  possible  not  only  in  liquids  and  solids  but  also  in 
gases  unless  the  density  is  so  low  that  intermolecular  colUsions  become 
exceedingly  rare.  Nuclei,  being  more  sheltered  from  the  environment 
and  less  subject  to  external  disturbances,  find  it  difficult  to  transfer  their 
excitation  directly  to  other  atomic  structures. 

The  excitation  of  the  external  atomic  electrons  subsides  through  the 
emission  of  electromagnetic  radiation  within  a  time  ranging  from  10~*  sec 
upward.  Direct  energy  transfers  compete  effectively  with  the  emission 
of  radiation  if  they  take  place  at  a  faster  rate. 

The  larger  the  energy  amount  to  be  released,  the  higher  is  the  frequency 
of  the  oscillating  current  and  the  higher  is  the  rate  of  emission  of  radiation 
(see  Sect.  1-3).  Therefore  the  excitation  of  the  motion  of  atoms  within  a 
molecule,  which  involves  smaller  amounts  of  energy,  requires  a  time 
longer  than  10~*  sec  to  subside  through  the  emission  of  radiation.  On 
the  contrary,  the  excitation  of  internal  electrons  may  lead  to  the  emission 
of  high-energy  X  rays  within  a  time  as  short  as  10~^*  sec. 

The  release  of  nuclear  excitation  energy  through  the  emission  of  y  rays 
requires  a  time  which  is  most  frequently  of  the  order  of  10~^^  sec.  Occa- 
sionally the  release  of  y  rays  may  require  a  period  of  seconds  or  hours. 
(An  unusually  long  duration  of  an  excitation  is  more  frequently  observed 
in  nuclei  than  in  the  electronic  portion  of  atoms  and  molecules  because  the 
chance  of  direct  energy  transfer  from  nuclei  is  smaller.     A  long  excitation 
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results  when  the  oscillating  currents  in  various  portions  of  a  nucleus  or  of 
an  atom  neutralize  one  another's  radiative  effectiveness.) 

By  and  large,  the  excitation  of  an  atomic  particle  does  not  become 
easily  subdivided,  or  "degraded,"  within  a  single  atom  or  molecule.  The 
excitation  of  a  nuclear  particle  spreads  easily  to  the  other  nuclear  particles 
but  remains  within  the  nucleus.  The  excitation  of  an  electron  does  not 
even  spread  easily  to  other  electrons. 

This  circumstance,  which  simplifies  the  analysis  of  excitation,  relates  to 
the  organization  of  the  atomic  structure  in  successive  levels  or  layers. 
These  layers  have  decreasing  rigidity  and  remain  fairly  independent  of 
one  another  according  to  the  following  general  scheme: 

(a)  The  nucleus  is  most  rigid  and  its  excitation  requires  a  larger  amount 
of  energy.  Therefore  the  intranuclear  motions  are  hardly  affected  by 
the  extranuclear  phenomena. 

(b)  The  structure  of  internal  electrons  has  next  higher  rigidity.  It  is 
affected  very  little  by  intranuclear  phenomena  owing  to  the  smallness  of 
the  nucleus,  and  hardly  at  all  by  the  motion  of  external  electrons  which 
involves  small  amounts  of  energy. 

(c)  Similarly,  the  motion  of  external  electrons  is  affected  very  little  by 
the  events  within  the  nucleus  or  within  the  small  hard  core  of  internal 
electrons  or  by  the  weaker  action  of  the  molecular  motion. 

(d)  The  makeup  and  the  vibrations  of  molecular  structures  depend 
upon  the  motion  of  the  external  electrons,  but  only  upon  the  average 
pattern  of  motion  rather  than  upon  the  location  and  velocity  of  each 
electron  at  any  particular  instant.  The  influence  of  the  electronic  motion 
upon  the  attachment  and  the  motion  of  whole  atoms  may  be  described 
comprehensively  as  the  action  of  chemical  forces  exerted  by  each  atom  on 
the  adjacent  ones. 

The  remarkable  independence  of  different  layers  of  the  atomic  structure  does 
not  imply  that  transmission  of  energy  from  an  inner  layer  to  a  more  external  one 
is  extremely  rare.  However,  when  this  transmission  occurs,  the  energy  received 
by  the  outer  layer  is  quite  excessive  with  respect  to  the  bonds  that  hold  particles 
within  that  layer.  Therefore  the  transmission  results  in  the  immediate  ejection 
of  one  particle  which  carries  away  from  the  atom  most  of  the  excess  energy. 

Nuclei  sometimes  transfer  their  energy  directly  to  atomic  electrons  and  thereby 
eject  them  from  the  atom.  This  phenomenon,  called  "internal  conversion," 
occurs  particularly  when  the  nuclear  excitation  is  small. 

Similarly,  a  rearrangement  of  internal  electrons  may  lead  to  the  ejection  of  an 
outer  electron.  This  phenomenon,  called  the  "Auger  effect,"  is  also  the  more 
frequent  the  lower  the  energy  amount  to  be  transferred. 

Some  energy  is  frequently  transferred  from  an  outer  electron  of  a  molecule  to 
the  interatomic  motion  at  the  time  the  electron  radiates  a  photon.  This  is  to 
say  that  the  photon  gets  only  a  part — though  normally  a  very  large  part — of  the 
energy  released  by  the  electron.     Another  mechanism  is  a  "radiationless  transi- 
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tion"  in  which  an  outer  electron  changes  its  motion  and  transfers  the  excess 
energy  directly  to  the  interatomic  motion.  This  process  occurs  more  frequently 
in  larger  atomic  aggregates  than  in  smaller  ones.  It  constitutes  nearly  the  sole 
channel  for  the  conversion  of  electronic  energy  into  interatomic,  i.e.,  thermal, 
agitation. 

2-ld.  Nuclear  Disintegrations.  The  neutrons  and  protons  which  con- 
stitute atomic  nuclei  tend  to  escape,  singly  or  even  in  small  aggregates, 
whenever  a  nucleus  is  excited  by  a  sufficiently  large  amount  of  energy. 

When  the  substitution  of  a  neutron  with  a  proton  or  of  a  proton  with  a  neutron 
yields  an  energetically  more  stable  nuclear  aggregate,  this  substitution  takes 
place  spontaneously  through  the  process  of /3  disintegration  (see  Sect.  1-lb). 

When  different  modes  of  disintegration  are  possible,  each  of  them  may 
take  place  in  a  nucleus  with  a  characteristic  probability  per  unit  time. 
If  the  rates  are  comparable,  part  of  the  nuclei  disintegrate  in  one  way 
and  part  in  another.  For  example:  65  per  cent  of  the  nuclei  of  Bi'-^^ 
(commonly  called  thorium  C) 
experience  a  ^  disintegration  to 
Po2i2  (Th  C),  whereas  the  re- 
maining 35  per  cent  disintegrate 
to  TP««  (Th  C")  by  a-particle 
emission. 
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Fig.  1-23.  Diagram  of  the  electric  barrier 
effect  around  a  nucleus. 
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As  mentioned  before,  neutrons  be-      o  o 
come  attached  to  nuclei  more  easily  ^ 

than     protons     or    other    positively  o 

charged  particles  because  the  ap- 
proach of  a  neutron  is  not  hindered 
by  electric  repulsion.  Similarly,  the 
ejection  of  neutrons  is  favored  over 
the  ejection  of  charged  particles.  All 
around  a  nucleus  there  is  a  zone  in  which  a  positively  charged  particle  experiences 
a  strong  electric  repulsion  but  is  beyond  the  reach  of  attraction  of  nuclear  forces 
(see  Fig.  1-23).  The  particle  finds  it  difficult  to  penetrate  this  zone,  whether  it  is 
on  its  way  in  or  out  of  the  nucleus.  Therefore  the  zone  is  called  the  "potential 
barrier"  of  the  nucleus.  It  may  be  said  that  the  capture  or  the  ejection  of  a 
charged  particle  requires  that  a  certain  activation  energy  be  available  to  traverse 
the  potential  barrier.  The  range  of  "activation  energy"  is  approximately  1-13 
Mev  for  the  capture  or  ejection  of  a  proton,  depending  on  the  atomic  number  of 
the  nucleus. 

Aside  from  the  barrier  effect,  the  ejection  of  an  a  particle  generally  requires  the 
least  amount  of  excitation  energy  because  the  two  neutrons  and  two  protons 
which  form  an  a  particle  become  attached  to  each  other  far  more  strongly  than  to 
the  rest  of  the  nucleus.  Therefore  the  ejection  of  a  particles  results  quite  fre- 
quently from  the  excitation  of  light  nuclei,  in  which  the  barrier  effect  is  small. 

Nuclear  disintegration  by  the  emission  of  an  a  particle  does  not  require  any 
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excitation  energy  for  most  heavy  nuclei  with  a  mass  number  above  210.  The 
immediate  disintegration  is  prevented  by  the  barrier  effect.  Tlie  spontaneous 
ejection  of  a  particles  observed  in  many  radioactive  elements  is  due  to  occasional 
penetration  of  particles  through  the  barrier. 

The  ejection  of  a  neutron  or  a  proton  from  a  nucleus  requires  an  excitation 
energy  which  lies,  with  few  exceptions,  between  5  and  10  Mev.  The  ejection  of  a 
proton  is  hindered  by  the  barrier  effect.  Therefore  the  ejection  of  a  neutron 
constitutes  the  most  likely  result  of  moderate  excitation  for  nuclei  of  medium  or 
high  atomic  weight. 

Excitation  with  energies  from  15  to  20  Mev  upward  may  lead  to  the  ejection  of 
two  or  more  particles.  Owing  to  the  subdivision  of  energy  among  the  particles 
of  a  nucleus,  particles  are  unlikely  to  take  away  much  energy  in  excess  of  that 
required  to  leave  the  nucleus.  Neutrons  usually  escape  with  a  kinetic  energy  of 
the  order  of  1  Mev;  protons,  with  a  similar  energy  in  addition  to  the  energy 
required  to  overcome  the  barrier  effect.  The  successive  escape  of  a  number  of 
particles  with  moderate  kinetic  energies  is  called  "evaporation"  by  analogy  to 
the  escape  of  molecules  from  a  liquid. 

The  analysis  of  multiple  evaporations  resulting  from  excitation  energies  of  the 
order  of  100  Mev  is  in  progress  at  the  time  of  this  writing  (1950).  Neutrons  and 
protons,  as  well  as  larger  aggregates  of  nuclear  particles,  are  ejected  in  these 
processes.  Very-high-energy  particles  (100  Mev  or  more)  appear  to  escape  from 
nuclei  without  sharing  much,  or  even  any,  of  their  energy  with  other  particles. 
In  general,  the  coupling  of  nuclear  particles  becomes  less  effective  in  the  range  of 
very  high  energies. 

"Fission"  is  a  form  of  nuclear  disintegration  in  which  a  nucleus  breaks  up  into 
two  or  more  fragments  of  comparable  size.  Fission  occurs  when  the  electric 
repulsion  among  the  positive  charges  of  the  protons  within  a  nucleus  overcomes 
the  cohesion  due  to  the  nuclear  forces.  Therefore  fission  is  a  characteristic 
mode  of  disintegration  of  the  nuclei  containing  the  highest  numbers  of  protons. 
A  substantial  level  of  excitation  is  required  to  "activate"  fission  in  all  the  nuclei 
present  in  nature.  The  necessary  excitation  energy  equals  5  to  6  Mev  for  ura- 
nium {Z  =  92)  but  is  already  much  higher,  possibly  50  Mev,  for  bismuth  (Z  =  83). 
Fission  is  the  most  likely  mode  of  disintegration  when  the  activation  is  adequate. 

2-2.  ELEMENTARY  PROCESSES  INVOLVING  RADIATION 
AND  FREE  PARTICLES 

Radiation  may  transfer  to  a  single  electron  or  nucleus  within  matter,  in 
a  single  elementary  process,  an  amount  of  energy  far  in  excess  of  the 
amount  required  to  remove  the  particle  from  the  atom  or  molecule  to 
which  it  belongs.  When  this  happens,  the  forces  between  the  particle 
and  the  rest  of  the  atom  do  not  have  much  influence  on  the  effect  of 
radiation.  The  process  can  then  be  treated  with  considerable  accuracy 
under  the  simplifying  assumption  that  the  particle  is  totally  free  at  the 
start.  In  the  following  discussion  atomic  nuclei  are  regarded  as  single, 
heavy,  charged  particles,  under  the  assumption  that  the  radiation  does 
not  disturb  their  internal  structure. 
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2-2a.  Compton  Scattering.  Electromagnetic  radiation  exerts  a  rapidly 
variable  electric  force  on  any  charged  particle  and  drives  it  to  oscillate 
according  to  the  variation  of  the  electric  force.  The  forced  motion  of 
the  particle  constitutes  a  variable  current  and  therefore  it  acts  as  an 
antenna  which  sends  out  radiation  in  all  directions.  Consequently, 
energy  from  the  incident  radiation  becomes  diffused  or  "scattered"  all 
around  in  new  directions. 

Nuclei,  being  much  heavier  than  electrons,  respond  far  less  than  elec- 
trons to  the  driving  force  of  the  radiation.     The  scattering  effect  of 
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Fig.  1-24.  Plot  of  the  Compton  scattering  cross  section  for  photons  of  different 
energies. 

nuclei  should  be  roughly  a  million  times  less  intense  than  the  scattering 
due  to  electrons  and  has  in  fact  not  yet  been  observed.  All  the  observed 
scattering  of  electromagnetic  radiation  by  free  particles  (until  1950)  has 
been  attributable  to  electrons. 

The  response  of  an  electron  to  the  driving  force  of  radiation  is  limited 
by  the  inertia  of  the  particle,  and,  accordingly,  it  decreases  as  the  radia- 
tion frequency  increases.  On  the  other  hand,  a  particle  radiates  energy 
away  the  more  effectively  the  more  rapid  the  variation  of  its  motion. 
These  two  circumstances  have  compensating  effects  and  tend  to  make  the 
net  scattering  effectiveness  of  an  electron  independent  of  the  frequency  of 
the  radiation  (Fig.  1-24). ^ 

5  The  probability  of  processes,  such  as  Compton  scattering,  due  to  the  interaction 
of  a  beam  of  radiation  with  individual  atoms  or  atomic  particles  within  a  material,  is 
represented  conveniently  as  a  "cross  section"  according  to  the  following  argument. 
The  frequency  of  processes  which  are  observed  experimentally  or  expected  theoreti- 
cally is  proportional  to  the  flux  of  particles  or  photons  in  the  incident  radiation  and 
to  the  density  of  atomic  particles  in  the  irradiated  material.  Therefore  this  frequency 
equals  the  frequency  with  which  a  particle,  or  a  photon,  as  the  case  may  be,  would 
traverse  a  target  area  of  suitable  size  attached  to  each  of  the  pertinent  atomic  particles 
(e.g.,  electrons)  within  the  material.  The  area  of  such  imaginary  targets  measures  the 
probability  of  the  process  under  consideration  and  is  called  the  "effective  cross 
section"  or  simply  the  "cross  section"  of  the  process. 
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When  scattered  radiation  emerges  sidewise  from  an  incident  beam  and 
a  photon  of  the  scattered  radiation  is  detected,  the  electron  that  has 

caused  the  scattering  recoils  on  the  oppo- 
site side  of  the  beam  (see  Fig.  1-25).  The 
simultaneity  of  the  scattering  of  a  photon 
with  the  recoil  of  an  electron  has  been 
carefully  checked.  The  kinetic  energy  of 
the  recoiling  electron  is  supplied  by  the 
incident  radiation;  the  scattered  photons 
have  actually  lower  energy  than  the  inci- 
dent ones. 

The  energy  loss  associated  with  scatter- 
ing of  a  photon  by  a  free  electron  is  borne 
out  by  a  corresponding  decrease  of  fre- 
quency and  increase  of  wave  length  of  the 
scattered  radiation  with  respect  to  the 
incident  radiation.  This  change  of  properties  is  called  "  Compton  effect," 
after  its  discoverer. 


ELECTRON 
COUNTER 

SCATTERING^  ^^^., 
FOIL      PHOTOM 
COUNTER 

Fig.  1-25.  Diagram  of  the  Comp- 
ton-Simon  experiment  for  the 
verification  of  the  law  of  Comp- 
ton scattering. 
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Fig.  1-26.  Statistical  distribution  of  the  energy  of  a  photon  that  is  Compton  scattered, 
showing  the  fraction  that  is  left  with  the  scattered  photon  and  the  fraction  that  goes 
to  the  recoil  electron.  The  curves  correspond  to  various  energies  of  the  incident 
photon.  Example:  The  shaded  area,  which  is  equal  to  the  product  of  a  0.05  range  of 
energy  fraction  and  the  mean  probability  per  imit  scale  1.1,  measures  the  probability 
0.055  that  a  1-Mev  photon  keeps  40  to  45  per  cent  of  its  energy  after  scattering  and 
transfers  55  to  60  per  cent  (i.e.,  550  to  600  kev)  to  the  recoil  electron.  {Courtesy 
G.  R.  White.) 

The  exact  sharing  of  energy  between  the  scattered  photon  and  the 
recoiling  electron  depends  on  the  detailed  balance  of  the  energy  and 
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momentum  (Fig.  1-26).  The  recoil  is  appreciable  only  when  the  photon 
has  sufficiently  high  energy,  i.e.,  when  it  is  an  X-ray  photon,  and  is 
deflected  by  a  sufficiently  large  angle.  Otherwise,  when  the  recoil  is 
weak,  the  scattering  electron  may  not  be  regarded  as  free  from  its  bonds 
within  an  atom  and  no  Compton  effect  is  observed. 

The  probability  of  scattering  in  different  directions  is  indicated  in 
Fig.  1-27.  More  complete  data  and  formulas  are  given,  for  example,  by 
Nelms  (1953). 
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Fig.  1-27.  Angular  distribution  of  the  Compton-scattered  photons.  Example:  The 
cross  section  for  the  scattering  of  a  1-Mev  photon  by  an  electron  toward  a  l-cm^ 
detector  located  at  a  distance  of  10  cm  and  at  an  angle  of  60°  with  respect  to  the 
initial  direction  equals  the  product  of  the  ordinate,  1.8  X  10~^*  cm^  per  unit  solid 
angle,   and  the  solid  angle    1/10^  =  0.01  covered  by  the  detector,   namely,    1.8  X 

10^28  cm2. 


2-2b.  Pair  Production.  According  to  general  experience,  electromag- 
netic radiation  is  not  affected  by  the  electric  or  magnetic  forces  prevailing 
in  the  space  in  which  the  radiation  propagates.  However,  a  radically 
new  experience  occurs  when  very-high-freciuency  radiation,  with  photons 
above  1  Mev,  traverses  the  space  within  atoms  which  is  the  seat  of  strong 
forces  varying  rapidly  from  point  to  point. 

The  propagation  of  high-frequency  X  rays  in  the  space  surrounding  a 
charged  particle  leads  to  the  simultaneous  outright  generation  of  an  elec- 
tron and  a  positron,  i.e.,  of  two  particles,  one  bearing  a  negative  and  one 
bearing  a  positive  charge  (Fig.  1-28).  An  X-ray  photon  disappears  for 
every  electron-positron  "pair"  produced.  The  energy  of  the  absorbed 
photon  ecjuals  the  combined  energy  of  the  end  products  of  the  process, 
namely :  (a)  the  kinetic  energy  of  the  electron  and  of  the  positron ;  (b)  the 
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energy  associated  with  the  very  existence  of  an  electron  and  a  positron, 
i.e.,  the  so-called  "rest  energy,"  which  amounts  to  0.5  Mev  per  particle; 
and  (c)  the  kinetic  energy  acquired  by  the  preexisting  charged  particle  as 

it  is  forced  to  recoil. 

The  minimum  photon  energy  re- 
quired for  pair  production  amounts 
to  2  X  0.5  =  1.0  Mev,  since  the 
kinetic  energies  (a)  and  (c)  may  be 
negUgible.  A  photon  energy  of  1.0 
Mev  corresponds  to  an  X-ray  fre- 
quency of  2.4  X  10""  cycles/sec  and 
to  a  wave  length  of  1.2  X  10^^"  cm. 
The  minimum  energy  requirement 
increases  by  a  factor  of  2  for  pairs 
produced  in  the  proximity  of  an 
electron  because  the  electron  always 
recoils  violently  (item  c)  on  account 
of  its  low  mass. 
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The  i)henomenon  of  pair  production 
has  a  curious  history.  Its  discovery  by 
Anderson  in  1932  was  wholly  unex- 
pected, but  the  observed  facts  were 
soon  found  to  fit  in  with  a  preexisting 
theory  by  Dirac.  This  agreement  with  theory  implies  that  pair  production  is  the 
logical  consequence  of  previously  established  facts.  Nevertheless,  the  logical 
connection  has  not  yet  been  presented  in  nonmathematical  language. 


Fig.  1-28.  Cloud-chamber  picture  of  pair 
production.      {Gentner  et  al.,  1940.) 
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Fig.  1-29.   Cross  section  for  pair  production  for  photons  of  different  energies  in  the 
space  surrounding  the  nuclei  of  aluminum  (left-hand  scale)  and  of  lead  (right-hand 
scale).     Data  for  other  materials  may  be  obtained  by  expanding  or  contracting  the 
scale  of  ordinates  in  proportion  to  Z^.      {Courtesy  G.  R.  White.) 

The  probability  of  pair  production  relates  directly  to  the  strength  of  the 
electric  forces  in  the  space  surrounding  the  charged  particle.  Therefore 
pair  production  is  far  more  efficient  in  the  proximity  of  nuclei  of  high 
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atomic  number  than  in  the  proximity  of  nuclei  of  low  atomic  number  or 
of  electrons  (Figs.  1-29  and  1-30). 

The  production  of  pairs  is  confined  to  the  immediate  proximity  of  the 
charged  particles  if  the  frequency  of  the  incident  radiation  barely  exceeds 
the  minimum  required  value.  The  fraction  of  space  within  each  atom 
where  pairs  may  arise  increases  progressively  as  the  X-ray  frequency  and 
the  photon  energy  increase,  until  it  includes  the  whole  atom. 

Pair  production  is  reversible;  a  positive  and  a  negative  electron  may 
neutralize,  or  "annihilate,"  each  other  in  the  space  surrounding  another 
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Fig.  1-30.  Cross  section  for  the  production  of  pairs  with  positron  and  electron  energies 
in  a  specified  range.  Example:  The  shaded  area,  which  is  equal  to  the  product  of  a 
0.05  range  of  energy  fraction  and  a  mean  ordinate  of  2.3  X  10"^*  cm^,  measures  the 
cross  section  1.15  X  lO'^^  cm^  for  the  production  of  a  pair  by  a  5-Mev  photon  in  the 
space  surrounding  an  aluminum  nucleus  with  30  to  35  per  cent  of  the  available  kinetic 
energy  (5  -  2mc^  =  4  Mev)  imparted  to  the  positron  and  the  remaining  65  to  70 
per  cent  (namely  2.6  to  2.8  Mev)  imparted  to  the  electron.  For  data  on  lead  use 
the  right-hand  scale.  For  data  on  other  materials  expand  or  contract  the  scale  in 
proportion  to  Z^.     (Courtesy  G.  R.  White.) 


charge  and  thereby  irradiate  all  their  energy  in  the  form  of  a  high-energy 
photon.  More  frequently,  however,  a  positive  electron  ends  its  life  by 
combining  with  a  negative  electron  through  a  somewhat  different  process 
which  does  not  require  the  proximity  of  another  charge.  This  process 
releases  the  energy  of  the  two  particles  by  the  simultaneous  emission  of 
two  photons. 

Pair  production  may  also  result,  with  low  probability,  from  the  collision 
of  two  charged  particles.  For  further  details  on  pair  production  see,  for 
example,  Heitler  (1944),  Sect.  20. 

2-2c.  Elastic  Collision  of  Charged  Particles  ("Rutherford  Scattering''). 
When  an  electrically  charged  particle  of  a  corpuscular  radiation 
approaches  another  charged  particle  within  a  material,  the  electrical 
attraction  or  repulsion  tends  to  deflect  the  incident  particle  off  its  path 


42 


RADIATION    BIOLOGY 


and  exerts  an  opposite  pull  upon  the  other  particle  (Fig.  1-31).  Colli- 
sions of  this  kind  have  the  effect  of  spreading  out,  or  "scattering,"  the 
particles  of  an  incident  beam. 

We  speak  of  "elastic"  collisions  when  the  total  kinetic  energy  of  the 
two  particles  has  the  same  value  after  as  before  the  collision.  (An 
inelastic  "radiative"  collision  occurs  when  an  X-ray  photon  is  emitted  as 
described  in  Sect.  l-4b.) 

Rutherford  was  the  first  to  analyze  the  elastic  collisions  of  charged 
particles  experimentally  and  theoretically.     He  exposed  a  thin  metal  foil 
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Fig.  1-31.  Diagram  showing  the  deflecting  forces  as  a  positively  charged  particle 
passes  near  a  nucleus.      Notice  reaction  forces  on  nucleus. 

to  a  beam  of  a  particles  and  observed  whether  particles  emerge  in  various 
directions  and  how  many  (Fig.  1-32).  The  overwhelming  majority  of 
a  particles  experience  hardly  any  deflection,  a  few  are  deflected  by  a  small 
angle,  and  an  occasional  particle  is  even  deflected  backwards.  Ruther- 
ford realized  that  the  chance  of  a  large  deflection  depends  on  whether  a 
particle  happens  to  approach  some  atomic  nucleus  within  the  foil  so 
closely  as  to  experience  a  particularly  strong  repulsion.  (In  fact,  the 
observations  on  the  a-particle  scattering  supplied  the  first  and  main 

evidence  of  the  concentration  of  posi- 
tive atomic  charges  within  small 
nuclei.) 

Rutherford     and     his     co-workers 

showed  experimentally  and  theoreti- 
^  DETECTOR  OF     cally    (see,   for  example,   Rutherford 
PARTICLES        6^  ol-i  1930)  that: 
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Fig.  1-32.  Diagram  of  the  Rutherford 
scattering  experiment. 


(a)  The  probability  of  deflection  by  any 

given  angle  is  proportional  to  the  square 

of  the  electric  charges  carried  by  the  incident  particle  and  by  the  scatterer  particle. 

{h)  The  probability  of  deflection  by  any  given  angle  is  inversely  proportional 

to  the  square  of  the  kinetic  energy  of  the  incident  particle. 

(c)  The  relative  probability  of  large  and  small  deflections  does  not  depend  on 
the  energy  of  the  incident  particle. 

(d)  The  probability  of  any  given  deflection  is  inversely  proportional  to  the 
fourth  power  of  the  momentum  change  experienced  by  the  particle  (Fig.  1-33). 
Accordingly,  small  deflections  are  far  more  likely  than  large  ones. 
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The  following  formula  summarizes  these  results.  Consider  an  incident  particle 
having  a  mass  m,  a  velocity  v,  and  an  electric  charge  ei  which  traverses  a  thin 
layer  of  matter  of  thickness  t  containing  A^  scatterer  particles  of  charge  62  per 
unit  volume.  Assume  that  the  scatterer  particles  are  fixed  in  space  or  that  they 
have  an  exceedingly  large  mass  so  that  they  do  not  recoil  at  all.  The  probability 
for  the  particle  to  be  deflected  by  an  angle  between  i}  and  ??  +  5??  is  given  by 

e\el     27r  sin  ??5i? 
^^'^^^^  =  '^''  -(^^^  sin^  (^/2) 

=  ^'^  ri; .     !n'/^xn.  27r  sin  t?5??  (13) 

[2mv  sm  (t^/2)]^  ^     ^ 

The  expression  2'mv  sin  (t?/2)  represents  the  momentum  change,  according  to 
the  diagram  in  Fig.  1-33. 

In  practice  the  scatterer  particles  recoil  as  a  result  of  the  collision.  When 
this  is  considered,  Rutherford's  analysis  still 

applies  to  the  motion  of  the  particles  with  / 

respect  to  each  other  rather  than  with  re-  /     RECOIL 

\     .  fi        ,    r  f        f  rr,  /MOMENTUM 

spect  to  a  fixed  irame  of  reference.     Ihe  OF  scatterer 

,      r  M      r  XI  XX  X-    ,  ,  INITIAL    MOMENTUM 

speed  of  recoil  oi  the  scatterer  particle  and      -^— *-j       momentum 

the  energy  which  it  acquires  depend  on  the         '^'AM^^"^--.,,^^^  /--'^'change    OF 

ratio  of  the  masses  of  the  two  particles.  ^'^^^^^vT-^r  parVicle^ 

If  the  incident  particle  is  much  lighter       -^         ,  „o    t^-  ^    .1 

,         ,,  ,,  ,  ,         ,  1<IG.     1-33.  Diagram     of    the     mo- 

than  the  scatterer,  as,  for  example,  when  an      ^^^^^^     ^^^^^^^     .^     Rutherford 

electron  is  scattered  by  a  nucleus  or  when       scattering 

an    a    particle    is    scattered    by    a    heavy 

nucleus,  the  scatterer  recoils  hardly  at  all  and  takes  up  hardly  any  energy. 

If  the  incident  particle  is  much  heavier  than  the  scatterer,  as,  for  example, 
when  a  proton  hits  an  electron,  the  scatterer  offers  little  resistance  to  the  inci- 
dent particle  and  is  unable  to  deflect  it  greatly  or  to  take  up  much  of  its  energy. 
The  transfer  of  some  energy  to  the  scatterer  is  comparatively  likely,  but  the 
amount  of  energy  transferred  cannot  exceed  a  rather  low  limit. 

If  the  two  particles  have  comparable  masses,  the  speed  and  energy  of  recoil 
may  be  comparable  to  the  speed  and  energy  of  the  incident  particle. 

The  probability  that  the  scatterer  will  receive  a  recoil  energy  comprised 
between  Q  and  Q  +  5Q  is  given  by  a  rather  simple  formula,  in  which  the  sym- 
bols are  the  same  as  in  Eq.  (13)  except  that  m  indicates  the  mass  of  the  scatterer 
instead  of  the  mass  of  the  incident  particle: 

27re?e'2   8Q 
P(Q)  dQ  =  m ^  ~  (14) 

Notice  that  this  probability  depends  on  the  velocity  v  but  not  on  the  mass  of  the 
incident  particle. 

These  results  are  modified  when  the  speed  of  approach  of  the  particles  is  com- 
parable to  the  speed  of  light  and  also  when  the  two  particles  are  identical. 

2-2d.  Magnetic  Effects.  Electrically  charged  particles  in  motion  generate 
magnetic  forces  and  are  themselves  subject  to  magnetic  forces  produced  by  other 
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currents.  The  magnetic  effects  increase  in  proportion  to  the  speed  of  the 
particles. 

Magnetic  effects  are  generally  obscured  by  the  accompanying  effects  of  electric 
forces  in  the  processes  we  have  been  considering  unless  the  particles  move  with 
velocities  approaching  the  speed  of  light.  The  study  of  processes  involving  high- 
speed particles  requires  a  detailed  treatment  of  magnetic  as  well  as  of  electric 
effects. 

Besides  the  magnetic  effects  due  to  the  bodily  motion  of  charged  particles, 
those  due  to  internal  currents  inherent  in  the  structure  of  the  particles  must  also 
be  considered.  Magnetic  effects  of  this  nature  are  exhibited  not  only  by  complex 
particles  such  as  nuclei  but  also  by  the  so-called  "elementary  particles,"  such  as 
electrons,  protons,  and  neutrons.  (Notice  that  neutrons  show  evidence  of 
internal  currents  even  though  they  bear  no  electric  charge.)  The  magnetic 
effects  are  particularly  conspicuous  in  the  interaction  of  neutrons  with  other 
particles  just  because  neutrons  do  not  exert  any  electric  action. 

Table  1-2.     Elementary  Processes  Resulting  from  Interaction  of  Incident 
Radiations  with  "Free"  Atomic  Particles 


Radiation 

Pari 

icle 

Electron 

Nucleus 

Electromagnetic .  .  . 

Compton  scattering 
Weak  pair   production    (when 
hv  >  2  Mev) 

Negligible  Compton  scattering 
Pair  production  (when  hv  >  I 

Mev) 

Electrons 

Rutherford  scattering  with 
important  recoil 
Weak  X-ray  emission 
Very  weak  pair  production 

Rutherford  scattering 

X-ray  emission 
Weak  pair  production 

Protons 

Rutlierford  scattering   with 
limited  energy  transfer 

Rutherford  scattering  (modified 
by  nuclear  forces);  negligible 
X-ray  emission 

Neutrons 

Very  weak  magnetic  interaction 

Scattering  (with  recoil  and  pos- 
sible  capture   due   to   nuclear 
forces) 

2-2e.  Effect  of  Nuclear  Forces.  The  "nuclear  forces"  which  act  among 
protons  and  neutrons  and  hold  a  nucleus  together  also  act  upon  any 
neutron  or  proton  which  happens  to  get  close  to  a  nucleus.  These  forces 
are  exceedingly  strong  (much  stronger  than  electric  forces  between  two 
protons  at  comparable  distances)  but  they  act  only  among  particles 
separated  by  no  more  than  a  few  times  10~^^  cm. 

Nuclear  forces  have  secondary  importance  in  the  collision  of  protons 
with  nuclei  unless  the  incident  proton  has  sufficient  energy  to  overcome 
the  electric  repulsion  and  get  close  to  a  nucleus.  No  such  force  resists 
the  approach  of  incident  neutrons.  In  fact  the  travel  of  neutrons  is 
affected  almost  exclusively  by  close  range  coUisions  with  nuclei. 
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Nuclear  forces  exert  only  a  minimal  influence  on  electrons. 

A  nucleus  may  behave  as  a  rigid  body  even  when  nuclear  forces  are 
effective  in  the  course  of  a  close  range  collision.  The  collision  is  then 
"elastic,"  meaning  that  no  energy  is  transferred  to  the  internal  motion  of 
the  nucleus. 

When  neutrons  of  moderate  energy  (up  to  a  few  million  electron  volts) 
experience  elastic  collisions  with  nuclei,  they  rebound  evenly  in  all 
directions.  Elastic  collisions  tend  to  predominate,  in  general,  for  neu- 
trons with  a  kinetic  energy  below  1  Mev  (see  also  Sect.  2-5).  The  fre- 
quency of  collisions  along  the  path  of  neutrons  frequently  becomes  quite 
large  for  very  low  neutron  energies. 

2-2f.  Summary  Table.  In  Table  1-2  are  summarized  the  main  ele- 
mentary processes  which  result  from  the  interaction  of  incident  radia- 
tions with  "free"  atomic  particles. 

2-3.  ACTION  OF  LIGHT  AND  X  RAYS  ON  ATOMS  AND  MOLECULES 

Electromagnetic  radiation  acts  upon  atomic  systems  by  inducing 
internal  oscillating  currents  within  them.  The  induction  of  currents 
may  subtract  from  the  energy  of  the  incident  radiation  either  by  dis- 
sipating energy  within  the  atomic  system  ("absorption"  proper)  or  by 
reradiating  energy  in  a  new  direction  ("scattering"). 

The  process  of  absorption  of  one  photon  of  light  or  X  rays  is  generally 
localized  within  the  particular  atom  or  molecule  which  takes  up  the 
energy.  (The  absorption  in  larger  crystalline  aggregates  of  atoms  may 
be  localized  less  closely.)  Therefore  the  absorption  of  light  or  X  rays  by 
a  material  may  be  fairly  resolved  into  separate  "elementary  processes" 
which  take  place  within  particular  atoms  or  groups  of  atoms.  The 
absorption  of  radiofrequency  radiation  constitutes  a  macroscopic  process 
and  will  not  be  considered  here. 

The  process  of  scattering  of  one  photon  by  a  portion  of  matter  can  be 
localized  within  a  particular  atom  or  molecule  if  the  atom  or  molecule 
shows  some  aftereffect  of  the  scattering.  For  example,  the  Compton 
scattering  of  a  high-energy  X-ray  photon  results  in  the  ejection  of  an 
electron  from  an  atom. 

However,  the  scattering  of  light  or  of  low-energy  X-ray  photons  gen- 
erally leaves  no  aftereffect,  for  the  following  reason:  Unless  the  recoil  of 
an  electron  due  to  the  scattering  of  a  photon  is  sufficiently  strong  to  eject 
the  electron,  the  recoil  is  absorbed  by  the  whole  atom  or  molecule  to 
which  the  electron  belongs.  Owing  to  the  large  mass  of  atoms,  their 
recoil  would  entail  a  very  small  energy  uptake,  which  would  not  even 
overcome  the  cohesion  of  adjacent  molecules.  Therefore  the  scattering 
of  each  photon  does  not  necessarily  leave  a  mark  on  a  particular  atom  or 
molecule  (except  in  gases  of  sufficiently  low  density). 
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The  scattering  of  radiation  may  also  produce  a  localized  effect  on  a  molecule 
by  modifying  its  internal  motion.  The  "Raman  effect"  is  a  well-known  phe- 
nomenon of  this  type  in  which  the  scattering  of  light  causes  a  change  in  the  vibra- 
tion or  rotation  of  the  atoms  of  a  molecule  with  respect  to  one  another. 

On  the  whole,  the  localized  effects  of  radiation  scattering  other  than 
the  Compton  effect  do  not  seem  important  for  the  action  of  radiation  on 
biological  materials.  Therefore  attention  will  be  confined  here  to  the 
absorption  of  radiation. 

Atoms  and  molecules  behave  like  antennas  whose  internal  electric 
charges  are  tuned  to  oscillate  with  any  one  of  the  characteristic  fre- 
quencies Vc  pertaining  to  the  changeover  from  the  initial  to  another  sta- 
tionary state  (see  Sect.  2-la).  The  internal  charges  "resonate"  when 
driven  by  a  radiation  whose  frequency  coincides  with  one  of  the  values 
Vc.  The  intensity  of  the  induced  currents  is  then  limited  by  the  dissipa- 
tion of  energy  recjuired  to  raise  atoms  from  one  to  another  stationary 
state.  Within  a  population  of  atoms  subjected  to  this  action,  individual 
atoms  suddenly  appear  to  have  actually  absorbed  one  radiation  photon 
and  changed  over  to  a  new  stationary  state.  (A  photon  is  emitted  if  the 
changeover  releases  energy  instead  of  absorbing  it.) 

After  an  atom  or  molecule  has  been  excited  it  can  return  to  the 
fundamental  state  (see  Sect.  2-lc)  by  releasing  energy  in  one  or  more 
steps  through  two  main  channels: 

(a)  "Fluorescence,"  i.e.,  emission  of  radiation  of  one  of  the  character- 
istic frequencies  of  the  atom  equal  to  or  smaller  than  the  frequency  of  the 
absorbed  radiation. 

(b)  Internal  rearrangements  in  which  the  excitation  energy  is  trans- 
ferred from  one  to  other  particles  and  is  split  up  in  smaller  fractions. 

The  fundamental  state  eventually  attained  need  not  be  identical  with 
the  state  preceding  the  absorption  of  radiation,  because  the  excitation 
may  have  induced  a  lasting  rearrangement  of  atoms  ("photochemical 
reaction"). 

The  atomic  electrons  can  also  resonate  under  the  influence  of  any 
radiation  whose  photons  have  sufficient  energy  to  remove  an  electron 
from  the  atom  or  molecule.  As  indicated  in  Sect.  2-la,  oscillating  cur- 
rents accompany  transitions  from  stationary  to  ionized  states.  The 
transition  to  an  ionized  state  under  the  influence  of  electromagnetic 
radiation  takes  place  simultaneously  with  the  absorption  of  a  photon  and 
constitutes  a  photoelectric  effect  (see  Sect.  l-3b). 

An  atom  or  molecule  remains  ionized  until  it  acquires  a  new  electron. 
The  eventual  capture  of  an  electron  releases  energy  which  had  been 
originally  provided  by  the  photon  absorbed  at  the  time  of  the  ionization. 
(The  remaining  portion  of  the  energy  of  that  photon  is  carried  away  as 
kinetic  energy  of  the  ejected  electron.) 
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When  the  absorption  of  radiation  results  in  the  ejection  of  an  internal 
electron,  the  place  of  this  electron  is  usually  taken  by  an  outer  electron 
which  drops  in  closer  to  the  nucleus.  This  internal  rearrangement  is 
equivalent  to  a  loss  of  excitation.  The  energy  released  may  radiate 
away  as  an  X-ray  photon  ('* X-ray  fluorescence")  or  may  serve  to  eject 
another  outer  electron  ("Auger  effect";  see  Sect.  2-lc). 

An  atomic  electron  does  not  respond  strongly  to  high-frequency  radia- 
tion whose  photon  energy  greatly  exceeds  the  energy  reciuired  to  remove 
the  electron  from  its  atom.  In  other  words,  the  photoelectric  effect 
becomes  unlikely  when  the  radiation  frequency  is  far  higher  than  the 
threshold  frequency.     The  reason  is  that  the  own  inertia  of  the  electron, 
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Fig.  1-34.  Diagram  of  an  atomic  absorption  spectrum. 


rather  than  its  attraction  by  the  nucleus,  presents  the  main  obstacle  to 
oscillations  with  excessive  frequency.  Therefore  the  electron  behaves 
practically  as  a  free  electron  which  scatters  but  does  not  absorb  radiation. 

Figure  1-34  illustrates  diagrammatically  the  absorption  of  radiation  of 
different  frequencies  by  the  atoms  of  a  monoatomic  gas  or  vapor.  It 
represents  the  so-called  "absorption  spectrum,"  i.e.,  the  fraction  of  the 
intensity  of  different  spectral  components  which  remains  unabsorbed  after 
traversing  a  certain  thickness  of  vapor.  The  sharp  "lines"  correspond 
to  the  excitation  of  particular  stationary  states  of  the  electrons  and  con- 
stitute the  characteristic  "line  spectrum"  of  the  substance.  The  broad 
bands  on  the  high-frequency  side  constitute  the  "continuous  spectrum" 
and  correspond  to  absorption  processes  leading  to  ionization  of  the  atoms. 
The  "edges"  of  successive  broad  bands  correspond  to  the  onset  of  the 
ejection  of  electrons  of  higher  and  higher  binding  energy.  The  edges 
corresponding  to  the  ejection  of  the  innermost  electrons  lie  in  the  X-ray 
region,  whereas  the  line  spectrum  and  the  beginning  of  the  continuum  lie 
in  the  visible  and  ultraviolet  region. 

The  absorption  spectrum  of  the  molecules  of  diatomic  and  polyatomic 
substances  appears  to  consist  of  a  succession  of  bands  of  limited  width 
followed,  in  the  ultraviolet  range,  by  a  continuous  spectrum  which  cor- 
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responds  to  ionization  of  the  molecules.  Absorption  bands  in  the  infra- 
red range  correspond  to  various  forms  of  excitation  of  the  vibration  and 
rotation  of  the  atoms  with  respect  to  one  another.     The  absorption 

Table    1-3.  Absorption    and    Scattering    of    Electromagnetic    Radiation    in 

Different  Frequency  Ranges 
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bands  in  the  visible  and  ultraviolet  correspond  to  the  simultaneous  excita- 
tion of  an  electron  and  of  interatomic  vibrations  and  rotations.  These 
bands  can  be  resolved  in  a  multitude  of  "lines"  with  a  good  spectroscope, 
provided  the  absorbing  substance  is  in  a  gaseous  state  and  at  a  low  pres- 
sure; otherwise  the  adjacent  molecules  disturb  each   other's  internal 
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motion  and  smear  out  the  characteristic  absorption  frequencies.  Mole- 
cules and  atoms  of  the  same  element  have  identical  X-ray  absorption 
because  this  absorption  is  due  to  internal  electrons  which  are  unaffected 
by  chemical  bonds. 

Each  kind  of  atomic  nucleus  possesses  a  characteristic  absorption 
spectrum.  This  spectrum  consists  in  general,  hke  the  spectrum  of  an 
atom,  of  a  succession  of  "Hnes"  pertaining  to  the  excitation  of  various 
stationary  states.  The  lines  correspond  to  the  absorption  of  definite 
photon  energies  which  range  from  about  100  kev  upward.  The  spectrum 
of  light  nuclei  consists  of  a  number  of  lines  followed  by  a  broad  band 
which  corresponds  to  the  break-up  or  disintegration  of  the  nucleus.  (The 
nuclei  of  mass  numbers  up  to  4  and  of  mass  number  9  have  no  excited 
stationary  state  and  correspondingly  no  absorption  lines.)  The  spectrum 
of  heavier  nuclei  shows  an  extremely  large  number  of  lines  which  get 
closer  and  closer  at  large  energies  and  finally  blend  into  a  broad  absorp- 
tion band  at  an  energy  of  the  order  of  5  to  10  Mev.  Maximum  absorp- 
tion seems  to  obtain  at  an  energy  of  the  order  of  20  Mev.  Detailed  data 
on  the  absorption  spectra  of  nuclei  are  still  extremely  scarce. 

Table  1-3  summarizes  the  elementary  processes  which  occur  in  atoms 
or  molecules  under  the  influence  of  electromagnetic  radiation  of  various 
frequencies. 

2-4.  ACTION   OF   CHARGED   PARTICLES  ON   ATOMS  AND   MOLECULES 

When  a  charged  corpuscular  radiation  traverses  matter,  the  radiation 
particles  exert  an  electric  disturbance  over  all  the  atoms  and  molecules 
which  surround  their  paths.  Most  of  the  atoms  thus  disturbed  exhibit 
no  aftereffect  due  to  the  passage  of  radiation.  Observable  aftereffects, 
for  example,  excitations  or  ionizations,  appear  here  and  there,  at  random. 

The  atoms  which  experience  an  excitation  or  an  ionization  need  not 
have  been  traversed  directly  or  approached  very  closely  by  the  path  of  a 
particle.  A  close  approach  by  a  particle  causes  a  particularly  strong  dis- 
turbance and  therefore  a  particularly  high  probability  of  excitation  or 
ionization.  Nevertheless,  an  intrinsic  randomness  governs  the  actual 
occurrence  of  definite  processes  in  one  or  another  atom,  as  explained  in 
the  first  part  of  Sect.  2. 

The  interaction  of  an  incident  charged  particle  with  an  atom  or  group 
of  atoms  can  yield  three  types  of  effects,  namely,  elastic  collisions,  radia- 
tive collisions,  and  inelastic  collisions. 

Elastic  colhsions  are  those  in  which  the  atom  or  molecule  recoils 
bodily  and  the  incident  particle  is  deflected,  but  no  energy  is  transferred 
to  the  internal  motions  within  the  scatterer.  These  colhsions  result 
mostly  from  the  electric  force  between  the  incident  particle  and  the 
atomic  nuclei.  They  are  particularly  apt  to  cause  a  deflection  of  the 
incident  particle,  but  unlikely  to  absorb  most  of  its  energy,  owing  to  the 
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large  mass  of  the  nuclei.  An  elastic  collision  reduces  to  a  simple  Ruther- 
ford scattering  (see  Sect.  2-2c)  when  the  incident  particle  comes  close  to 
an  atomic  nucleus.  Otherwise,  the  negative  electronic  charge  which 
surrounds  the  nucleus  effectively  cancels  the  electric  force  due  to  the 

nuclear    charge    and    reduces    the    probability   of 
scattering  (see  Fig.  1-35). 

Radiative  collisions  involve  the  emission  of  elec- 
tromagnetic radiation  by  the  incident  particle  in 
the  course  of  an  otherwise  elastic  collision.  They 
have  already  been  discussed  with  regard  to  the 
production  of  X  rays  (see  Sect.  l-4b). 

Inelastic  collisions  involve  the  excitation  or  ioni- 
zation of  an  atom  or  molecule  and  result  primarily 
from  the  interaction  of  the  incident  particle  with  the 
atomic  electrons.  Since  electrons  are  light  and 
yield  easily  to  the  incident  particle,  these  collisions 
are  particularly  frequent  and  take  up,  on  the  whole, 
most  of  the  energy  of  the  incident  particle  even 
though  each  collision  usually  leads  only  to  a  small 
energy  transfer. 

As  we  shall  see  further  on,  the  inelastic  collisions 
of  charged  particles  constitute  the  most  important  mechanism  for  the 
action  of  all  high-energy  radiations  on  matter. 

A  given  collision  may  appear  to  be  elastic  or  inelastic  depending  on  how  we 
look  at  it.  Therefore  some  care  is  required  to  gauge  the  meaning  of  these  terms 
in  a  particular  context.  A  collision  between  two  specified  bodies  is  called  "elas- 
tic" if  no  part  of  the  initial  kinetic  energy  is  transferred  to  the  internal  energy  of 
the  bodies.  Thus  if  an  incident  proton  knocks  an  electron  off  an  atom,  the 
collision  between  the  proton  and  the  electron  may  be  regarded  as  elastic.  On 
the  other  hand,  the  same  collision  appears  to  be  inelastic  if  the  whole  atom  is 
regarded  as  undergoing  a  collision  with  the  proton,  because  the  energy  taken  up 
by  the  outgoing  electron  is  then  classed  as  internal  energy  of  the  atom  which  has 
been  raised  to  a  highly  excited  state. 

2-4a.  Mechanism  of  Inelastic  Collisions.  The  electric  force  exerted  by 
an  incident  charged  particle  upon  each  atomic  electron  increases  in 
strength  as  the  particle  approaches  and  then  decreases  as  the  particle 
moves  away.  This  disturbance  acts  as  a  sudden  blow  if  the  incident 
particle  moves  sufficiently  fast  and  passes  sufficiently  close  to  the  atomic 
electron.     We  then  speak  of  a  ''fast"  collision. 

On  the  other  hand,  we  speak  of  a  "slow"  collision  when  the  electric 
force  increases  and  decreases  rather  slowly  and  the  motion  of  the  atomic 
electron  has  time  to  readjust  itself  reversibly  to  the  proximity  of  the 
incident  particle.  The  reversibility  of  this  disturbance  implies  that  a 
slow  colhsion  is  inherently  an  elastic  one.     A  colUsion  may  generally  be 
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regarded  as  slow  when  the  incident  particle  moves  more  slowly  than 
the  atomic  electron,  but  even  a  fast  particle  exerts  a  slowly  variable  dis- 
turbance if  it  passes  too  far  away. 

The  electric  force  between  the  incident  particle  and  each  atomic  elec- 
tron tends  to  produce  an  effect  basically  similar  to  that  of  Rutherford 
scattering.  In  fact,  if  the  electron  receives  a  recoil  energy  much  larger 
than  its  binding  energy,  it  recoils  just  about  as  though  it  were  free  (see 
Sect.  2-2),  according  to  the  law  of  Rutherford  scattering  indicated  in 
Sect.  2-2c.  A  collision  in  which  the  electron  recoils  with  a  large  energy 
may  be  called  a  "knock-on"  collision.  It  implies  a  close  approach  of  the 
incident  particle  to  the  recoiling  electron  and  therefore  it  occurs  rather 
infrequently. 

A  high-velocity  incident  particle  still  exerts  a  sudden  blow,  which  may 
result  in  a  fast  inelastic  collision,  even  though  it  passes  far  away  from  an 
atom.  The  effective  "radius  of  action"  may  range  up  to  distances  of  the 
order  of  10~^  cm  =  1000  A,  i.e.,  a  thousand  times  as  large  as  the  size  of 
an  atom.  The  action  of  such  "glancing  collisions"  resembles  the  action 
of  electromagnetic  radiation  because  it  results  from  an  electric  force 
whose  strength  is  fairly  uniform  over  a  whole  atom  but  varies  rapidly  in 
the  course  of  time. 

The  sudden  blow  received  by  an  atomic  electron  in  a  glancing  collision 
causes  the  electron  to  start  oscillating  with  any  of  its  characteristic  fre- 
cjuencies.  The  electron  may  therefore  land  in  any  of  its  excited  sta- 
tionary states,  or  it  may  leave  the  atom,  as  in  the  photoelectric  effect, 
according  to  chance.  Still,  most  of  the  atoms  exposed  to  a  glancing  dis- 
turbance remain  eventually  in  their  normal  state,  as  is  the  case  when  they 
are  exposed  to  electromagnetic  radiation. 

2-4b.  Energy  Dissipated  in  Inelastic  Collisions.  The  qualitative  arguments 
just  presented  regarding  the  mechanism  of  inelastic  collisions  serve  also  as  a  basis 
for  evaluating  the  quantitative  effect  of  these  collisions. 

The  average  amount  of  energy  dissipated  by  a  particle  in  a  great  many  col- 
lisions is  an  important  index  of  the  total  effectiveness  of  the  particle.  As  pointed 
out  by  Bohr,  the  total  energy  dissipation  does  not  depend  much  on  the  binding  of 
the  atomic  electrons  but  can  be  calculated,  in  essence,  as  though  the  electrons 
were  free  and  all  fast  collisions  were  of  the  knock-on  type. 

Accordingly,  in  order  to  calculate  the  energy  dissipated  by  a  particle, 
we  may  start  from  Eq.  (14)  for  the  probabihty  of  colhsions  which  cause  a 
free  particle  to  recoil  with  energy  Q.  The  expected  energy  dissipation  in 
collisions  in  which  the  recoil  energy  ranges  from  Q  to  Q  +  5Q  is  the 
product  of  Q  and  of  the  probability  P(Q)  5Q  of  this  kind  of  collisions. 
The  expected  energy  dissipation  in  collisions  ranging  between  wide 
limits,  Qmi„  and  Q„^^,  equals  the  sum,  or  rather  the  integral  of  QP{Q)  BQ 
over  all  intervals  8Q  from  Q„i„  to  Q^^^.  The  result  of  this  calculation, 
starting  from  Eq.  (14),  is 
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Large  values  of  the  recoil  energy  Q  correspond  to  knock-on  collisions  in 
which  the  atomic  electrons  actually  behave  as  free  electrons.  Therefore 
the  value  of  the  maximum  recoil  energy  Q^^^  follows  from  elementary  con- 
siderations on  the  mechanics  of  collisions  between  free  particles.  Low 
values  of  the  recoil  energy  Q  correspond  to  glancing  coUisions  in  which  the 
bond  of  the  recoiling  electron  within  an  atom  is  very  important.  There- 
fore the  determination  of  the  effective  value  of  the  lower  limit  Qmin 
requires  a  more  sophisticated  treatment.  However,  any  error  in  the 
determination  of  this  limit  tends  to  have  only  a  minor  influence  on  the 
final  result  because  the  logarithmic  function  in  the  formula  above  is  a 
slowly  varying  function  of  its  variable  Qmax/Qmin- 

The  factor  in  front  of  the  logarithm  describes  the  principal  influence  of 
the  pertinent  variables  upon  the  energy  dissipation  by  fast  particles 
traversing  matter.  It  represents  the  energy  absorbed  by  free  electrons 
in  colhsions  in  which  the  recoil  energy  lies  between  two  limits  Qi  and  Q2 
such  that 

In  (Q1/Q2)  =  1  (16) 

This  factor  serves  as  an  arbitrary  standard  of  reference  for  the  energy 
dissipation.  The  remaining,  logarithmic,  factor  measures  the  ratio  of 
the  actual  energy  dissipation  to  the  arbitrary  standard  and  embodies  the 
results  of  the  finer  details  of  the  calculation. 

In  the  formulas  regarding  the  energy  dissipation  we  shall  indicate  the 
charge  of  the  incident  particle  by  ze,  rather  than  by  ei  as  in  Eq.  (14), 
and  its  speed  by  v.  The  charge  and  the  mass  of  the  atomic  electrons  will 
be  indicated  by  e  (instead  of  e?)  and  m,  respectively,  the  number  of  elec- 
trons per  unit  volume  by  NZ  (instead  of  A'^)  representing  N  atoms  per 
unit  volume  with  Z  electrons  per  atom.  The  factor  In  (Qmax/Qmin),  which 
represents  the  ratio  of  the  actual  energy  dissipation  to  a  convenient 
standard,  is  often  indicated  by  the  single  letter  B.  Using  these  symbols 
we  express  the  average  energy  W  dissipated  by  a  particle  through  inelastic 
collision  while  it  traverses  a  layer  of  matter  of  thickness  t  in  the  form 


The  ratio 


W  =  tNZ  --^  B  (17) 


K  =  NZ?^B  (18) 

t  mis- 


represents the  average  rate  of  energy  loss  per  unit  distance  traveled  by 
the  particle  and  is  called  the  "stopping  power"  of  the  material  for  the 
particles  under  consideration.  The  value  of  B  is  called  the  "stopping 
number"  of  the  atomic  electrons  for  the  pertinent  incident  radiation. 
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Fig.  1-36.  Approximate  plots  of  the  stopping  number  of  atomic  electrons  as  a  function 
of  the  nature  and  energy  of  the  incident  particle.  Graph  (a)  linear  energy  scale; 
(6)  logarithmic  energy  scale.     {Courtesy  M.  Lewis.) 
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Since  B  depends  upon  the  binding  of  the  atomic  electrons,  we  should  more 
properly  introduce  a  separate  value  B\,  B2,  Bz,  .  .  .  ,  Bz  ior  each  of  the  Z 
electrons.  The  sum  of  these  values  can  then  be  entered  in  Eq.  (17)  or  (18)  in 
place  of  the  factors  Z  and  B.  (The  symbol  B  actually  represents  the  mean  of 
the  values  of  B  for  all  electrons.)     Therefore  we  write 


W  _  .J  2TZ^e' 


t 


=  A' 


mv^ 


(Bi  +  B,  +  B,+ 


+  B2) 


(19) 


Values  of  B  for  various  conditions  are  not  so  readily  available  as  we  might  wish. 
Most  of  the  effort  has  been  devoted  to  the  preparation  of  data  of  greater  tech- 
nical interest,  namely,  range-energy  relations  (see  Sects.  4-1  and  4-2g).  Figure 
1-36  shows  some  illustrative  data  with  special  regard  to  the  variation  of  £  as  a 
function  of  the  energy  of  the  incident  particle.  The  value  of  B  vanishes  when  the 
incident  particle  is  much  slower  than  the  atomic  electron  and  the  collisions  are 
all  elastic.  Thereafter  B  increases  steadily  because  inelastic  collisions  can  occur 
under  an  increasing  variety  of  conditions.  The  increase  is  rapid  at  first,  then 
slows  down;  it  follows  approximately  a  straight  line  if  the  energy  is  plotted  on  a 
logarithmic    scale. 

The  variation  of  the  stopping  power  as  a  function  of  the  energy  of  the  incident 
particle  results  from  the  combined  variations  of  the  factor  2-KzH^lmv'^  and  of  the 
stopping  numbers  B  for  the  different  electrons.  The  stopping  numbers  increase 
monotonically  as  the  energy  increases,  beginning  at  zero  and  then  leveling  off 
gradually.  The  factor  2'KzH^lmv'^  decreases  at  first  in  inverse  ratio  to  the  energy, 
since  it  is  inversely  proportional  to  v^,  but  then  it  stops  decreasing  as  the  velocity 
V  approaches  the  speed  of  light.  The  increase  of  B  predominates  at  very  low 
energies,  where  B  tends  to  vanish,  and  at  very  high  energies,  where  l-KzH^lmv^ 
becomes  constant;  the  decrease  of  2Trz^e* / mv"^  causes  a  characteristic  decrease  of 
the  stopping  power  at  intermediate  energies.     Figure  1-37  gives  illustrative  data. 
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Fig.  1-37.  Stopping  power  of  water  (rate  of  energy  loss  by  inelastic  collisions)  for 
electrons  and  protons  of  different  energies.      {Courtesy  M.  Lewis.) 
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Notice  that  the  main  factor  ^-kzH" I mv-  depends  only  on  the  charge  and  the 
velocity  and  not  on  the  mass  of  the  incident  particle. 

Modifications  to  the  theory  are  required  when  the  velocity  of  the  incident 
particle  approaches  the  speed  of  light  (see  Sect.  2-2d),  but  they  are  not  too  impor- 
tant. The  necessary  corrections  are  usually  incorporated  in  the  value  of  the 
stopping  number  B. 

Data  are  also  still  inadequate  concerning  the  effect  upon  the  stopping  power  of 
the  presence  of  atoms  located  between  the  path  of  the  incident  particle  and  the 
atoms  which  actually  absorb  energy.  The  presence  of  such  atoms  tends  to 
reduce  the  probability  of  energy  absorption  in  proportion  to  the  density  of  the 
material,  but  only  when  the  velocity  of  the  incident  particle  approaches  the  speed 
of  light,  and  thus  to  flatten  the  curve  of  B  vs.  energy  (see  Fig.  l-36a  and  b). 

2-4c.  Prohahility  of  Inelastic  Collisions.  The  energy  dissipation  by  a 
particle  as  it  traverses  matter  results  from  the  product  of  the  number  of 
inelastic  collisions  and  of  the  average  energy  dissipated  per  collision. 
Since  we  have  already  given  formulas  for  the  energy  dissipation,  we  may 
express  the  number  of  collisions  as  the  ratio  of  the  total  energy  dissipa- 
tion to  the  average  energy  loss  per  collision. 

This  detour  proves  convenient  because  the  average  energy  E  dissipated 
in  a  collision  depends  only  on  the  relative  probability  of  different  out- 
comes of  the  collision.  This  probability,  in  turn,  depends  primarily  on 
the  characteristic  reaction  of  atomic  electrons  to  a  sudden  blow  and  only 
a  little  on  the  nature  and  speed  of  the  incident  particle.  Therefore  E  is 
approximately  constant  for  each  kind  of  atom  or  molecule,  and  the  varia- 
tions of  the  expected  number  of  collisions,  9fl,  parallel  the  variations  of  the 
energy  dissipation  W.     We  write 

91  =  W/E  (20) 

The  mean  energy  transfer  has  different  values  £"1,^2,  •  •  .  ,  ^z  for  the  different 
atomic  electrons  1,  2,  .  .  .  ,  Z.  We  may  also  consider  separately  the  energies 
Wi,  W2,  .  .  .  ,  Wz  dissipated  to  the  different  electrons  in  a  whole  series  of  col- 
lisions and  the  corresponding  numbers  91,,  9I2,  .  .  •  ,  9lz  of  collisions  which  affect 
the  different  electrons.     For  example, 

3l,  =  5:.  =  iV,2«VB.  (21) 

El  mv^    El 

The  mean  energies  ^1,  ^2,  .  •  •  are  of  the  same  order  of  magnitude  as  the  binding 
energies  of  the  corresponding  electrons  and  decrease  very  slowly  as  the  energy  of 
the  incident  particle  increases. 

The  expected  number  of  collisions  9li  may  be  further  subdivided  according  to 
the  relative  frequency  with  which  the  electron  91 1  is  excited  to  the  stationary 
state  a,b,c,  .  .  .  as  a  result  of  the  collision.  We  indicate  the  relative  frequency 
as  gia,  gib,  Qic,  .  .  .  ,  so  that,  for  example, 

9l,a  =  9li^ia  =  m  ^^  ^  gia  (22) 
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Similarly,  the  relative  frequency  of  ionizing  collisions  in  which  the  electron  escapes 
with  an  energy  between  E  and  E  -\-  8E  can  be  indicated  as  giiE)  8E.     Then 


9li(^)  dE  =  ?fligiiE)  6E  =  Nt 


mv^    El 


(23) 


Figure  1-38  shows  sample  data  on  the  coefficients  g  and  on  their  slow  depend- 
ence on  the  energy  of  the  incident  particle.     These  coefficients  can  be  estimated 
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Fig.  1-38.  Fraction  of  inelastic  collisions  of  fast  electrons  against  hydrogen  atoms 
which  lead  to  various  energy  absorptions.  The  curves  represent  the  coefficient 
gi{E)  of  Eq.  (23).  The  areas  in  the  rectangular  blocks  represent  the  values  of  gri  of 
Eq.  (22)  pertaining  to  the  excitation  to  the  first  excited  level  and  to  all  other  levels 
combined.     {Courtesy  M.  Lewis.) 

fairly  readily  from  data  on  absorption  spectra,  relying  on  the  similarity  of  the 
action  of  glancing  collisions  and  of  electromagnetic  radiation  and  on  a  sharp 
subdivision  of  collisions  into  glancing  and  knock-on  ones. 
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The  electrons  which  escape  with  an  amount  of  energy  E  much  larger  than  their 
binding  energy  I  should  be  regarded  as  resulting  from  knock-on  collisions. 
Therefore , the  expected  number  of  these  electrons  must  be  given  directly  by  Eq. 
(14).  The  numl/er  of  knock-on  electrons  which  receive  an  energy  between 
Q  ^  E  +  Ii  and  Q  +  8Q  =  E  -\-  h -\-  5E  \s  given  by 

[91i(E)]ko  8E  =  Nt  ?^  Tp^^,  (24) 

Comparison  of  Eqs.  (23)  and  (24)  indicates  the  following  relation: 

''^^^^%wh^^         whenS»7>  (25) 

The  value  of  the  riglit-hand  side  of  Eq.  (25)  is  indicated  by  the  dotted  line  in 
Fig.  1-38. 

The  excess  of  lower  energy  electrons,  over  the  number  expected  on  the  basis  of 
knock-on  processes  only,  may  be  loosely  regarded  as  the  result  of  glancing  col- 
lisions. This  excess  is  very  large  because  the  total  number  of  glancing  collisions 
is  much  larger  than  the  number  of  knock-on  collisions  (roughly  in  a  ratio  of  B  to 
1).  Glancing  colhsions  are  unlikely  to  result  in  the  ejection  of  electrons  with 
energies  E  ^  I,  for  the  same  reason  as  that  which  makes  the  ejection  of  high- 
energy  photoelectrons  unlikely  (see  Sect.  2-3). 

The  maximum  energy  of  the  ejected  electrons  is  set  by  the  conditions  of  con- 
servation of  momentum  and  energy  in  a  knock-on  collision.  If  the  incident 
particle  is  heavy  (proton,  a  particle,  etc.),  it  can  impart  to  an  atomic  electron  up 
to  twice  its  own  speed,  and  therefore  only  a  small  fraction  of  its  own  kinetic 
energy.  Thus,  for  example,  if  the  incident  proton  has  an  energy  of  1  Mev,  the 
maximum  energy  of  ejected  electrons  equals  2200  ev. 

On  the  other  hand,  if  the  incident  particle  is  itself  an  electron,  it  may  share  any 
fraction  of  its  energy  with  an  atomic  electron  in  the  course  of  a  collision.  When 
the  two  energies  are  comparable  after  the  collision,  the  faster  of  the  two  electrons 
is  usually  called  "primary"  and  the  slower  one,  "secondary";  this  convention 
amounts  to  fixing  the  upper  limit  to  the  energy  of  the  ejected  electrons  at  one- 
half  the  energy  of  the  primary. 

The  ejected  electrons  constitute  a  new,  "secondary,"  corpuscular  radiation 
and  therefore  receive  the  name  of  "secondary  electrons."  The  aggregate  energy 
of  this  radiation  amounts  approximately  to  two-thirds  of  the  energy  dissipated 
by  the  incident,  or  "primary,"  radiation.  This  fraction  is  a  little  lower  than  two- 
thirds  when  the  dissipation  takes  place  in  the  lightest  elements,  which  have  no 
internal  electrons,  and  amounts  to  about  one-half  in  hydrogen. 

2-4d.  Excitation  of  Atomic  Nuclei.  We  consider  here  the  effect  of  the  impact  of 
fast  electrons  upon  atomic  nuclei,  and  also  the  effect  of  the  impact  of  protons 
and  other  heavy  particles  if  they  remain  outside  the  range  of  attraction  of  nuclear 
forces.  Electrons  cannot  impart  a  strong  recoil  to  individual  nuclear  particles 
because  of  their  low  mass;  protons  cannot  either  unless  they  come  close  to  the 
nucleus.  Therefore  the  collisions  we  are  dealing  with  can  be  treated  as  glancing 
collisions. 

The  probability  of  these  glancing  colhsions  can  be  estimated  utilizing  data  on 
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the  absorption  of  electromagnetic  radiations.  This  probability  turns  out  to  be 
small,  mainly  because  of  the  heavy  mass  of  nuclear  particles.  The  excitation  of 
nuclei  by  the  impact  of  electrons  has  been  detected  experimentally.  {Excitation 
due  to  glancing  collisions  of  heavy  charged  particles  has  not  been  distinguished 
clearly  from  the  excitation  due  to  the  effect  of  nuclear  forces. 

2-5.  NUCLEAR  COLLISIONS 

There  remains  to  be  considered  the  direct  effect  of  nuclear  particle 
radiations  (protons,  neutrons,  deuterons,  etc.)  on  atomic  nuclei. 

Since  the  nuclear  forces  are  very  strong,  an  incident  particle  tends  to 
lose  its  identity  and  to  become  mixed  with  the  other  particles  of  the 
nucleus  immediately  upon  impact  unless  its  kinetic  energy  is  excessively 
high.  Therefore  it  is  generally  convenient  to  analyze  the  processes  of 
nuclear  collision  into  two  steps.  First,  the  incident  particle  becomes 
incorporated  into  the  nucleus.  Thus  a  new  "compound  nucleus" 
arises  from  the  old  one. 

This  nucleus  finds  itself  in  an  excited  stationary  state  because  much 
energy  normally  results  from  the  attraction  which  the  nucleus  exerts  upon 
the  incoming  particle.  The  excitation  energy  normally  amounts  to 
about  6  to  10  Mev — roughly  8  Mev  on  the  average — for  every  neutron  or 
proton  added  to  the  nucleus.  The  compound  nucleus  disposes  of  its 
excitation  energy,  usually  by  disintegration,  according  to  the  principles 
discussed  in  Sect.  2-1  d. 

Once  a  particle  hits  the  nucleus,  the  formation  of  a  compound  nucleus 
in  an  excited  stationary  state  is  always  possible,  no  matter  what  the 
kinetic  energy  of  the  incident  particle,  provided  this  energy  is  sufficiently 
high.  At  lower  energies  the  excited  energy  levels  of  the  compound 
nucleus  are  still  clearly  distinct  from  each  other  and  do  not  yet  blend 
into  a  continuous  band  (see  end  of  Sect.  2-3).  No  compound  nucleus  can 
then  be  formed  unless  the  kinetic  energy  of  the  incident  particle  added  to 
the  energy  released  by  the  capture  happens  to  coincide  with  one  of  the 
excited  energy  levels  of  the  compound  nucleus. 

This  difficulty  generally  hinders  the  capture  of  neutrons  of  energy 
below  1  Mev  by  nuclei  of  medium  or  high  atomic  weight.  The  cor- 
responding capture  of  comparatively  slow  charged  particles  is  hindered 
anyhow  by  the  electric  repulsion.  When  the  energy  of  the  incident 
particle  happens  to  be  just  right  for  the  formation  of  an  excited  state,  we 
speak  of  a  "resonance  effect,"  by  analogy  with  the  resonance  of  character- 
istic oscillations  induced  by  electromagnetic  radiations.  The  whole 
concept  of  formation  of  a  compound  nucleus  applies  less  characteristically 
to  the  capture  of  particles  by  light  nuclei. 

No  detailed  systematics  of  the  results  of  nuclear  collisions  has  been 
worked  out.  The  qualitative  understanding  of  the  general  course  of  the 
phenomena  does  not  yield  quantitative  predictions  on  the  probability  of 
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nuclear  transformations.  The  complication  of  nuclear  phenomena  is 
akin  to  the  complication  of  chemical  phenomena  which  still  defies  detailed 
theoretical  prediction  in  the  majority  of  cases. 

A  fairly  large  amount  of  experimental  information  on  nuclear  trans- 
formations is  available  (see,  for  example,  Way  et  at.,  1950;  Hornyak  et  al., 
1950). 

The  various  possible  types  of  nuclear  transformations  are  usually  indi- 
cated by  a  symbol  in  parentheses  which  contains  an  indication  of  the 
incident  particle  followed  by  a  comma  and  by  an  indication  of  the  particle 
or  particles  ejected.     For  example: 

{n,a)  means  a  reaction  consisting  of  the  capture  of  a  neutron  followed 
by  the  ejection  of  an  a  particle. 

(n,pn)  means  capture  of  a  neutron  followed  by  ejection  of  one  proton 
and  one  neutron. 

{d,2n)  means  capture  of  a  deuteron  followed  by  the  ejection  of  two 
neutrons. 

{n,n)  means  capture  and  ejection  of  a  neutron  and  implies  the  outward 
appearance  of  an  inelastic  scattering  since  the  nucleus  generally  remains 
in  an  excited  state. 

Similar  symbols  apply  also  to  the  absorption  and  emission  of  electro- 
magnetic radiation.  For  example,  (71,7)  means  the  simple  capture  of  a 
neutron  followed  by  release  of  the  excitation  energy  by  7  radiation,  and 
(7,?))  means  the  ejection  of  a  proton  induced  by  the  absorption  of  a 
photon. 

The  ordinary  symbols  of  the  initial  and  final  nuclei,  including  their 
atomic  and  mass  number,  serve  to  complete  the  identification  of  the  trans- 
formation. For  example,  29Cu^^(n.,2n)29Cu'^-  indicates  the  production 
of  copper  of  mass  number  62  by  the  bombardment  of  Cu^^  with  neutrons 
leading  to  capture  of  one  neutron  followed  by  the  ejection  of  two  neutrons. 

The  preceding  discussion  pertains  to  nuclear  collisions  in  which  the 
energy  of  the  incident  particle  does  not  exceed  50  or  100  Mev.  Higher 
energy  particles  seem  to  move  more  freely  across  nuclei,  in  a  manner  a 
little  more  similar  to  the  motion  of  particles  across  atoms.  The  produc- 
tion of  mesons  results  from  nuclear  collisions  above  approximately 
150  Mev.  The  study  of  high-energy  collisions  has  just  been  passing 
through  its  initial  stages  in  the  years  1948  to  1950. 

3.  DISSIPATION   OF  RADIATION  ENERGY  IN   MATTER 

In  this  section  we  begin  the  discussion  of  the  over-all  process  of  action 
of  radiation  on  matter,  which  constitutes  the  main  topic  of  our  treatment. 

The  biological  effects  of  radiation  which  are  accessible  to  observation 
derive  presumably  from  some  disturbance  of  the  atomic  structure  of 
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living  matter.  What  general  information  does  physics  contribute  regard- 
ing the  nature  and  the  production  of  such  disturbances  by  radiation? 

We  may  think  of  two  kinds  of  permanent  or  semipermanent  changes 
in  the  structure  of  matter,  namely,  "chemical"  changes  in  which  some 
atoms  are  regrouped  to  form  different  molecular  or  colloidal  aggregates, 
and  "nuclear"  changes  in  which  the  nuclear  constituents  are  regrouped 
to  form  different  nuclei.  Chemical  changes  do  not  affect  the  over-all 
crude  chemical  composition  of  a  material,  but  nuclear  changes  do. 

Some  changes  of  structure  release  energy,  others  require  a  net  addition 
of  energy.  In  either  case,  however,  a  structural  transformation  can 
proceed  only  through  an  intermediate  structure  whose  energy  is  con- 
siderably higher  than  that  of  both  the  initial  and  the  final  structure. 
Therefore  a  rapid  transformation  must  be  "activated"  by  a  temporary 
loan  of  energy.  Radiations  act  on  matter,  in  the  main,  just  by  carrying  a 
flow  of  energy  and  distributing  it  so  as  to  produce  a  large  number  of 
activations. 

Chemical  changes  require  activation  energies  of  the  same  order  of 
magnitude  as  the  energies  of  chemical  bonds,  which  is  also  the  order  of 
magnitude  of  the  binding  energies  of  external  atomic  electrons.  The 
bond  energies  range  from  about  1  to  about  10  ev.  The  activation  energy 
is  effectively  supplied  to  an  atom  within  matter  by  shaking  the  atom  as  a 
whole  or,  more  frequently,  by  shaking  its  external  electrons. 

An  excitation  of  external  electrons  brings  about  a  change  of  the 
chemical  forces  which  bind  an  atom  within  a  molecule.  This  change  of 
forces  may  or  may  not  lead  to  a  regrouping  of  the  atom  in  a  different 
molecular  arrangement.  Thus  the  excitation  of  external  electrons 
appears  as  an  indirect  method  of  inducing  chemical  changes.  (The 
excitation  of  internal  electrons  does  not  even  influence  chemical  bonds 
directly.) 

Excitation  of  the  motion  of  an  atom  with  respect  to  its  neighbors  by  a 
few  electron  volts  constitutes  a  more  direct  way  of  tearing  up  chemical 
bonds.  However,  whole  atoms,  because  of  their  high  mass,  respond  to 
the  action  of  a  radiation  much  less  easily  than  electrons  (see,  however, 
Sects.  3-lb  and  c). 

The  chance  of  inducing  a  chemical  change  improves  if  an  atom  receives 
an  amount  of  activation  energy  somewhat  in  excess  of  the  minimum 
requirement.  However,  a  large  excess  of  activation  energy  increases  the 
chance  of  a  chemical  change  no  further  because  the  excess  energy  leaves 
the  atom  in  short  order,  for  example,  through  the  emission  of  an  electron. 

The  actual  occurrence  of  one  or  another  chemical  change  after  activa- 
tion energy  has  been  provided  raises  problems  of  molecular  mechanics 
which  are  treated  in  later  chapters  of  this  collection.  Here  we  are  con- 
cerned with  the  distrihntion  of  activation  energy,  both  as  regards  its  mecha- 
nism and  its  eventual  location  in  space. 
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Many  radiations — X  rays,  for  example — have  a  potency  greatly  in 
excess  of  that  required  to  produce  chemical  changes.  These  radiations 
are  easily  capable  of  ejecting  electrons  from  all  kinds  of  atoms,  i.e.,  of 
forming  ions,  and  are  therefore  called  ''ionizing  radiations."  An  X-ray 
photon  may  transfer  a  considerable  share  of  its  energy  to  an  electron  in  a 
process  of  Compton  scattering.  After  this  process  both  the  photon  and 
the  electron  constitute  an  ionizing  radiation.  All  ionizing  radiations 
undergo  repeated  processes  here  and  there  in  various  atoms  as  they 
traverse  matter.  As  a  result,  their  energy  is  progressively  broken  down 
into  smaller  and  smaller  packets,  i.e.,  it  is  "degraded." 

Energy  packets  of  the  order  of  magnitude  of  1  to  10  ev  suffice  to 
activate  chemical  changes.  Therefore  the  energy  of  ionizing  radiations 
is  most  effective,  for  the  purpose  of  activating  the  largest  number  of 
atoms,  when  subdivided  into  packets  of  this  order  of  magnitude  or,  as 
we  shall  say  loosely,  when  it  has  been  "degraded  to  the  chemical  range." 

The  degradation  of  the  energy  of  ionizing  radiations  down  to  the 
chemical  range  constitutes  a  complicated  but  rather  well-understood 
process.  Most  of  the  following  discussion  deals  with  this  process.  All 
ionizing  radiations  turn  out  to  produce  the  large  majority  of  activations 
through  the  same  mechanism.  Therefore  all  ionizing  radiations  produce, 
on  the  whole,  strikingly  similar  effects. 

The  potency  of  light  falls  in  the  lower  portion  of  the  chemical  range. 
Infrared  light  has  a  low  chemical  potency  because  its  photons  amount  to 
approximately  1  ev  only.  The  potency  of  visible  light  is  a  little  higher, 
and  that  of  ultraviolet  light  is  considerably  higher.  Light  in  the  far- 
ultraviolet  range  of  the  spectrum  (beyond  1500  or  2000  A)  has  full 
chemical  potency  but  low  practical  importance  because  it  is  absorbed  too 
strongly  and  therefore  must  be  handled  in  a  vacuum  (see  Sect.  l-3c). 

Since  light  has  no  excess  potency,  chemical  action  must  be  exerted 
directly,  or  nearly  directly,  without  many  intervening  processes  which 
would  cause  loss  of  potency. 

Radiations  whose  potency  lies  initially,  or  has  subsequently  fallen, 
below  the  chemical  range  can  still  produce  chemical  changes  but  with 
low  efficiency.  In  fact  thermal  energy  from  any  source  may  occasionally 
happen  to  concentrate  upon  one  or  a  few  atomic  particles  in  amounts 
adequate  to  produce  a  chemical  change.  This  concentration  constitutes 
a  statistically  unlikely  accidental  reversal  of  the  general  process  of 
degradation  of  energy.  The  chance  of  such  unlikely  events  depends 
greatly  upon  the  absolute  temperature  of  the  material.  Small  accidental 
concentrations  are  far  less  unlikely  than  larger  ones.  Because  of  the 
unlikelihood  of  accidental  concentrations,  thermochemical  transforma- 
tions proceed  slowdy  as  compared  to  the  speed  of  reaction  of  atoms  acti- 
vated by  radiation,  even  though  they  may  appear  fast  on  a  macroscopic 
scale  of  time. 


62  RADIATION   BIOLOGY 

It  may  be  asked  whether  the  chemical  and  biological  effects  of  any 
radiation  could  be  regarded  as  thermal  effects  taking  place  after  the 
radiation  energy  has  already  been  degraded  to  the  thermal  range,  i.e., 
into  "heat,"  though  not  quite  down  to  the  ambient  temperature  (see, 
for  example,  the  concept  of  "point  heat"  introduced  by  Dessauer,  1923). 
The  answer  seems  to  be  negative  because  the  heat  conduction,  away  from 
the  small  region  where  a  packet  of  radiation  energy  was  absorbed  and 
degraded,  takes  place  much  faster  than  a  thermochemical  reaction. 

Nuclear  changes  can  be  produced  by  radiations  of  very  high  potency 
and  also  by  slow  neutrons,  since  neutrons  always  end  up  by  being 
attracted  and  captured  by  some  nucleus  (except  for  extremely  rare  dis- 
integrations; see  Sect.  1-lb).  These  changes  do  not  depend  on  the 
extranuclear  state  of  aggregation  of  the  material  but  take  place  with 
unimportant  exceptions  as  though  each  nucleus  were  free  (see  Sect.  2-5). 
A  fairly  extensive  production  of  nuclear  changes  results  from  the  action 
of  neutrons  in  nuclear  reactors  (see  Sect.  1-3)  and  also  from  the  action  of 
high-potency  radiations. 

However,  the  direct  biological  significance  of  the  nuclear  effects  of 
radiations  is  normally  overshadowed  by  the  simultaneous  and  far  more 
extensive  occurrence  of  chemical  changes.  Accordingly,  the  production 
of  chemical  activations  calls  for  a  more  detailed  discussion  than  the 
production  of  nuclear  changes. 

The  following  sections  describe  the  chains  of  elementary  processes 
through  which  ionizing  radiations  exert  their  "chemical"  action.  The 
action  of  nonionizing  radiations  is  the  object  of  a  few  additional  notes. 

3-1.  ACTIVATION  BY  CHARGED  CORPUSCULAR  RADIATIONS 

The  over-all  action  of  high-speed  charged  particles  upon  a  material 
consists,  in  the  main,  of  a  succession  of  "fast"  inelastic  collisions  (see 
Sect.  2-4).  The  atoms  and  molecules  along  and  around  the  path  of  each 
incident  particle  react  to  the  passage  of  the  particle  in  a  manner  essen- 
tially independent  of  the  presence  of  adjacent  atoms.  A  very  large 
number  of  inelastic  collisions  takes  place  along  the  path  of  a  charged 
particle.  The  energy  of  the  particle  is  thus  progressively  used  up  and 
transferred  to  various  atoms  and  molecules  within  the  material. 

A  large  number  of  the  collisions  experienced  by  a  fast  charged  particle 
may  be  regarded  as  "glancing  collisions"  affecting  the  external  electrons 
of  atoms  (see  Sects.  2-4a  and  c).  The  energy  transferred  in  each  of  these 
collisions  is  of  the  order  of  magnitude  required  to  produce  chemical 
activations,  or  slightly  in  excess  of  that  magnitude. 

Therefore  glancing  collisions  against  external  electrons  afford  a  mecha- 
nism for  degrading  high  potency  radiation  directly  down  to  the  chemical 
range.  In  fact,  these  collisions  constitute  the  main  mechanism  of  chemical 
activation  by  ionizing  radiations  because,   as  we  shall  see,   all  other 
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elementary  processes  result  primarily  in  the  production  of  new  secondary 
radiations. 

Knock-on  collisions  against  external  electrons  lead  to  a  larger  energy 
transfer.  Most  of  the  energy  is  carried  away  by  the  ejected  electron. 
The  collision  leaves  an  atom  in  an  ionized  state,  that  is,  in  a  particular 
state  of  chemical  activation. 

Similarly,  any  collision  which  affects  internal  electrons  results  in  an 
energy  transfer  large  as  compared  to  the  energy  required  for  chemical 
activations.  As  discussed  in  Sect.  2-lc,  most  of  the  energy  imparted  to 
internal  electrons  of  an  atom  leaves  the  atom  again  in  short  order,  without 
suffering  any  too  great  degradation.  The  electron  originally  ejected 
carries  away  much  of  the  energy  received ;  the  rest  comes  out  in  the  form 
of  X  rays  or  as  kinetic  energy  of  Auger  electrons.  In  any  event,  the 
atom  originally  affected  remains  singly  or  multiply  ionized,  that  is,  it 
undergoes  a  strong  activation,  but  most  of  the  energy  is  carried  away  by 
new  secondary  ionizing  radiations. 

Radiative  collisions  of  an  electron  and  an  atom  (see  Sect.  l-4b)  may 
lead  to  the  emission  of  a  large  fraction  of  the  energy  of  the  electron  in  the 
form  of  an  X-ray  photon.  This  mechanism,  too,  has  the  effect  of  con- 
verting energy  from  one  kind  of  ionizing  radiation  into  another  one.  It 
contributes  to  the  degradation  of  the  radiation  energy  but  does  not  dis- 
sipate much  of  the  energy  in  chemical  activation. 

Sample  data  on  the  frequency  of  different  kinds  of  collisions  and  on 
their  energetic  import  have  been  given  in  Eqs.  (20)  ff.  and  in  Figs.  1-37 
and  1-38.  Those  data  pertain  to  the  collisions  within  layers  of  matter 
consisting  of  a  single  kind  of  atoms  or  molecules.  When  a  material  con- 
sists of  different  chemical  substances,  the  numbers  of  collisions  affecting 
each  substance  along  the  path  of  a  particle  may  be  calculated  as  though 
the  other  substances  were  not  there.  Figures  1-39  and  1-40  give  some 
data  on  the  course  of  energy  degradation  in  water. 

The  average  fraction  of  energy  spent  by  electrons  in  the  production  of 
X-rays  has  been  indicated  in  Sect.  l-4b.  Notice  that  an  occasional  elec- 
tron may  release  nearly  all  its  energy  in  the  form  of  a  single  photon  even 
when  the  average  X-ray  production  by  a  large  number  of  electrons  is 
small.  The  X-ray  production  accounts  for  most  of  the  energy  dissipa- 
tion by  high-energy  electrons  traveling  through  materials  of  high  atomic 
number.  The  degradation  of  energy  proceeds  then  mostly  through  the 
process  of  "cascade  showers,"  which  is  described  in  Sect.  3-2. 

3-la.  Characteristics  of  Glancing  Collisions.  As  we  have  seen,  fast 
charged  particles  transfer  energy  to  atoms  in  packets  of  chemical  activa- 
tion size  mostly  through  collisions  against  the  external  electrons,  which 
may  be  loosely  referred  to  as  "glancing"  collisions.  The  other  types  of 
collision  transfer  energy  primarily  from  one  radiation  to  another;  the 
energy  thus  transferred  is  eventually  dealt  out  to  atoms  in  packets 
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Fig.  1-39.  Fractions  of  the  energy  spent  in  different  processes  by  an  electron  travers- 
ing water  as  it  slows  down  from  500  to  400  kev.  The  area  not  covered  by  cross 
hatching  corresponds  approximately  to  the  energy  fraction  which  remains  available 
for  further  inelastic  collisions  by  secondary  electrons.      (Courtesy  M.  Lewis.) 
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of  "chemical"  size  through  further  glancing  collisions  by  secondary 
particles. 

According  to  the  discussion  in  Sects.  2-4b  and  c,  the  atomic  electrons 
"feel"  the  glancing  passage  of  a  fast  charged  particle  as  a  quick  pulse  of 
electric  force.  The  action  of  this  pulse  is  equivalent  to  the  action  of  a 
complex  electromagnetic  radiation  whose  intensity  is  distributed  evenly 
among  all  frequencies. 

The  external  electrons  are  thus  in  a  position  to  absorb  just  those 
amounts  of  energy  which  correspond  to  their  own  characteristic  fre- 
quencies of  oscillation.  There  results  no  preferential  or  selective  absorp- 
tion of  energy  by  the  electrons  of  any  particular  group  of  atoms.  In 
other  words,  ionizing  radiations  exert  through  glancing  collisions  an 
entirely  nonspecific  action. 

Since  atomic  electrons  are  not  very  apt  to  absorb  photons  of  energy 
greatly  in  excess  of  their  own  binding  energy  (see  Sect.  2-3),  the  energy 
absorbed  by  external  electrons  through  glancing  collisions  is  generally  of 
chemical  or  nearly  chemical  scale.  Finally  since  the  glancing  passage  of 
a  charged  particle  acts  only  as  a  quick  electric  pulse,  the  relative  fre- 
quency of  different  energy  absorptions  in  any  particular  atom  does  not 
depend  upon  the  charge,  mass,  and  velocity  of  the  incident  particle  (see 
Sect.  2-4c).  These  quantities  affect  equally  the  probability  of  each 
absorption.  Here  is  a  further  reason  that  all  kinds  of  ionizing  radiations 
act  in  the  same  way,  if  not  to  the  same  extent. 

3-lb.  Ionization  Yield.  Ionization  constitutes  a  particularly  drastic 
form  of  chemical  activation.  When  an  electron  is  ejected  from  an  atom, 
the  resulting  separation  of  electric  charges  lasts  for  a  much  longer  time 
than  the  minor  dislocations  of  atomic  electrons  which  accompany  simple 
excitations.  It  is  uncertain  whether  the  somewhat  larger  energy  involved 
in  the  ionization  processes  than  in  excitations  and  the  greater  permanency 
of  charge  separation  have  a  particularly  great  significance  with  regard  to 
biological  effectiveness. 

The  separation  of  charges  which  results  from  ionization  processes  in 
gases  affords  a  convenient  and  sensitive  method  for  the  physical  measure- 
ment of  radiation  effects.  It  is  frequently  assumed,  on  somewhat  uncer- 
tain grounds,  that  a  radiation  produces  essentially  equal  amounts  of 
ionization  in  a  given  amount  of  matter  whether  the  matter  is  in  gaseous, 
liquid,  or  solid  state.  Present  information  on  the  subject  of  ionization 
concerns  mostly  the  occurrence  of  this  phenomenon  in  gases. 

The  ratio  e  of  the  energy  dissipated  in  a  gas  to  the  number  of  ionizations 
produced  is  approximately  equal  for  different  ionizing  radiations,  since 
most  ionizations  originate  from  a  single  mechanism,  namely  charged 
particle  collisions  affecting  the  external  electrons.  Therefore  the  number 
of  ionizations  produced  in  a  gas  frecjuently  serves  as  a  measure  of  the 
energy  dissipated  within  it.     Table  1-4  shows  the  numerical  values  of  the 
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Table  1-4.  Typical  Values  of  e,  the  Energy  Dissipated  per  Ion  Pair  Produced 

Radiation  Energy   (e),  Ev 

340-Mev  protons  in  Ho 34.9 

340- Mev  protons  in  air 32 . 2 

5.2-Mev  <x  particles  in  H2 36.0 

5.2-Mev  a  particles  in  air 31.1 

5.2  Mev  a  particles  in  He 42 . 7 

50-kev  electrons  in  air 32 . 4 

For  additional  data  and  discussion  see  Rutherford  et  at.  (1930),  p.  80;  Gray  (1944); 

Bethe  (1950);  Bakker  and  Segre  (1951);  and  Jesse  et  al.  (1953). 

ratio  €,  which  represents  the  average  energy  dissipated  for  every  ioniza- 
tion produced  by  various  radiations  in  different  gases. 

The  energy  e  dissipated  per  ionization  does  not  depend  immediately 
on  the  ionization  potential  (the  energy  actually  required  to  rip  off  an 
electron  from  an  atom)  but  results  from  a  grand  average  over  all  collisions, 
among  which  some  produce  an  ionization  and  some  do  not.  In  fact,  the 
values  of  e  vary  within  narrow  limits  from  one  substance  to  another  and 
lie  in  the  neighborhood  of  30  to  35  ev  per  ionization  for  most  gases. 

The  value  of  e  for  each  substance  depends  on  how  often  external  electrons  are 
raised  to  different  levels  of  excitation  and  ionization  as  a  result  of  collision.  As 
indicated  in  Sect.  2-4c,  the  probability  of  different  outcomes  of  a  collision  depends 
on  the  readiness  of  electrons  to  start  oscillating  with  different  frequencies  after  a 
glancing  disturbance.  Electrons  that  are  attached  rather  loosely,  i.e.,  electrons 
with  a  low  ionization  potential,  are  generally  apt  to  oscillate  wdth  comparatively 
low  frequency  and  wath  great  intensity  while  being  raised  to  low  excited  states, 
but  the  opposite  obtains  for  electrons  that  are  held  more  rigidly.  Therefore, 
excitations  are  relatively  more  probable  than  ionizations  just  in  those  atoms  and 
molecules  which  require  least  energy  to  be  ionized.  In  other  words,  just  in  those 
substances  in  which  an  ionization  can  be  produced  cheaply,  in  terms  of  energy,  a 
larger  amount  of  energy  has  to  be  spent  in  excitations.  (In  substances  whose 
ionization  potential  has  a  typical  average  value,  around  10  ev,  the  relative  fre- 
quency of  excitations  and  ionizations  is  of  the  order  of  2  to  1.)  This  argument 
accounts  for  the  remarkable  similarity  of  the  values  of  e  for  different  substances 
(Fano,  1946). 

As  a  particle  begins  to  slow  down,  there  is  no  longer  a  great  excess  of  glancing 
collisions  over  collisions  which  involve  a  larger  momentum  transfer.  Therefore  a 
somewhat  paradoxical  result  is  observed :  The  probability  of  excitation  tends  to 
decrease,  as  compared  to  the  probability  of  ionization  (see  Fig.  1-38) ;  the  over-all 
yield  of  ionization  increases  and  the  value  of  e  decreases  a  little. 

3-1  c.  Energy  Dissipation  by  Loxoer  Energy  Heavy  Particles.  Inelastic  collisions 
tend  to  become  extremely  unlikely  when  the  incident  particle  slows  down  to  and 
below  the  velocity  of  atomic  electrons  (see  Sect.  2-4a).  A  heavy  particle  may 
move  more  slowly  than  any  atomic  electron  within  a  material  and  still  retain  a 
substantial  kinetic  energy.  This  obtains,  for  example,  for  protons  whose  energy 
falls  below  approximately  20  kev  or  for  nitrogen  ions  below  300  kev.  The 
energy  dissipation  by  such  "slow"  particles  does  not  appear  important,  on  the 
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whole,  in  ordinary  phenomena  of  radiobiology  because  most  of  the  radiation 
energy  is  dissipated  by  fast  particles.  Dissipation  by  slow  particles  is  of  impor- 
tance under  special  circumstances,  especially  with  regard  to  the  action  of  neutrons. 

"Slow"  heavy  particles  dissipate  most  of  their  energy  by  forcing  atomic  nuclei 
to  recoil  as  a  result  of  "elastic"  collisions.  Even  though  the  particle  is  slower 
than  the  atomic  electrons,  it  may  possess  a  momentum  and  energy  more  than 
adequate  to  force  its  way  through  the  atoms  of  a  material.  The  atomic  elec- 
trons do  not  have  sufficient  mass  to  deflect  the  incident  particle,  but  the  atomic 
nuclei  do.  Therefore  the  elastic  collision  reduces,  in  essence,  to  a  Rutherford 
scattering  of  the  incident  particle  by  the  nucleus  of  the  atom  (see  Sects.  2-4  and 
2-2c).  As  the  kinetic  energy  of  the  incident  particle  becomes  comparable  to 
the  binding  energy  of  the  internal  atomic  electrons  within  the  material,  the 
penetration  of  the  particle  through  the  atoms  becomes  more  difficult.  Thus  an 
increasing  portion  of  the  atomic  volume  behaves  as  an  impenetrable  body,  and 
the  elastic  collisions  acquire  progressively  the  character  of  bodily  impacts  such 
as  take  place  among  the  atoms  and  molecules  of  a  gas. 

The  rate  of  energy  dissipation  by  elastic  collisions  along  the  path  of  a  particle 
is  rather  low.  It  can  be  estimated  by  the  same  methods  as  the  rate  of  dissipation 
by  inelastic  collisions.     Figure  1-40  gives  some  illustrative  data. 

The  energy  dissipated  through  elastic  collisions  tends  to  escape  detection  by 
ordinary  radiation  measuring  devices  such  as  ionization  chambers,  cloud  cham- 
bers, and  Geiger  counters.  Nevertheless,  this  energy  is  imparted  directly  to  the 
motion  of  the  massive  portions  of  atoms  (the  nuclei)  with  respect  to  the  adjacent 
atoms.  Therefore  it  may  more  easily  cause  a  substantial  dislocation  in  the 
structure  of  matter  and  thus  may  turn  out  to  be  particularly  effective. 

It  should  also  be  noticed  that  "slow"  heavy  particles  tend  to  pick  up  elec- 
trons, as  they  traverse  atoms,  up  to  the  point  of  becoming  electrically  neutral 
atoms.  For  example,  an  a  particle  which  picks  up  two  electrons  becomes  a 
neutral  helium  atom.  The  capture  of  electrons  by  positively  charged  radiation 
particles  reduces  their  charge  and  thei'eby  reduces  their  chance  of  producing 
inelastic  collisions.  Nevertheless,  it  does  not  reduce,  in  essence,  their  dissipation 
of  energy  by  elastic  collisions  once  the  particles  are  quite  slow. 

Under  what  conditions  can  an  electron  travel  along  attached  to  a  positive  ion 
without  being  stripped  off  in  the  course  of  collisions  with  atoms?  Consider,  for 
e.xample,  an  electron  which  is  combined  with  an  a  particle  to  form  an  He+  ion. 
This  electron  "sees"  the  atoms  of  matter  rushing  on  toward  it  with  a  speed  equal 
to  the  speed  of  the  He"*"  ion.  Therefore,  if  the  He"*"  ion  as  a  whole  moves  faster 
than  the  electron  within  the  ion,  the  collisions  with  matter  are  "fast,"  as  far  as 
the  electron  is  concerned,  and  lead  soon  to  a  stripping  of  the  electron.  An  He"*" 
ion  which  moves  along  as  fast  as  its  electron  moves  about  the  nucleus  has  a 
kinetic  energy  of  0.4  Mev.  An  a  particle  of  this  energy  is  liable  to  pick  up  an 
electron  and  carry  it  along  through  several  collisions.  An  a  particle  of  much 
lower  energy  normally  holds  on  to  an  electron  and  travels  as  an  He"*"  ion.  At  still 
lower  energy  the  particle  picks  up  a  second  electron. 

Observations  show  that  the  density  of  ions  along  the  tracks  of  comparatively 
slow,  heavy,  charged  particles  varies  at  intervals,  indicating  a  change  of  the  net 
charge  carried  by  the  particle.  For  example,  the  charge  of  an  oc  particle  of  less 
than  1  Mev  appears  to  jump  back  and  forth  between  2e  and  e  and  eventually 
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settles  at  the  lower  value.  A  proton  may  also  capture  an  electron  and  travel  on 
as  a  neutral  hydrogen  atom  when  its  energy  falls  near  to  0.025  Mev  or  less.  The 
loss  and  gain  of  charge  of  ions  of  moderate  velocity  is  at  present  (1950)  under 
experimental  study  by  Allison  and  co-workers  at  the  University  of  Chicago. 

The  nuclear  fission  of  uranium  or  other  very  heavy  atoms  (see  Sect.  2-ld) 
results  in  the  ejection  of  "fragments"  which  are  ions  of  medium  atomic  weight 
with  kinetic  energies  of  the  order  of  100  Mev.  Despite  their  high  energy,  these 
ions  move  more  slowly  than  their  internal  electrons  because  of  their  high  mass 
and  high  atomic  number,  and  therefore  hold  on  steadily  to  quite  a  number  of 
electrons  during  their  flight. 

Even  the  "elastic"  collisions  of  very  "slow"  heavy  particles  may  lead  to  the 
capture  or  loss  of  an  electron  by  the  particle.  Therefore  the  particle  may  never 
remain  steadily  neutral.  This  persisting  exchange  of  electric  charge  at  low 
energies  may  be  regarded  as  a  residual  ionization.  Quantitative  data  on  this 
subject  are  scarce. 

3-ld.  Dissipation  of  Energy  hy  Secondary  Electrons.  As  pointed  out  in 
Sect.  2-4c,  the  "secondary"  electrons  which  are  ejected  from  atoms  all 
along  the  track  of  a  fast  charged  particle  carry  away  an  aggregate  two- 
thirds  of  the  total  energy  of  the  particle.  These  electrons  constitute  a 
new  charged  corpuscular  radiation  which  dissipates  its  energy,  by  and 
large,  as  described  in  the  preceding  sections. 

The  action  of  the  secondary  electrons  differs  from  that  of  the  primary 
charged  particles  only  in  so  far  as  most  of  the  electrons  are  comparatively 
slow  (see  Sect.  2-4c).  Therefore  the  inelastic  collisions  experienced  by 
secondary  electrons  affect  solely  the  external  electrons  of  atoms  within  a 
hmited  radius  of  action.  The  qualitative  effect  of  these  collisions  differs 
somewhat  from  the  effect  of  collisions  by  very  fast  particles,  in  so  far  as 
the  secondaries  produce  comparatively  more  ionizations  and  fewer  excita- 
tions. Nevertheless,  this  circumstance  does  not  affect  the  great  simi- 
larity of  action  of  different  ionizing  radiations,  since  the  secondaries 
themselves  are  produced  according  to  the  same  pattern  no  matter  what  the 
primary  radiation. 

Secondary  electrons  whose  energy  no  longer  suffices  to  disturb  the 
external  electrons  of  other  atoms  undergo  a  large  number  of  collisions 
in  which  each  atom  behaves  as  a  rigid  body  subject  to  chemical  and  to 
intermolecular  forces.  Energy  is  thereby  transferred  directly  to  the 
interatomic  motion,  and  the  electron  energy  is  slowly  dissipated  in 
packets  of  "thermal"  size,  until  the  electron  itself  becomes  degraded  to 
the  thermal  range.  Eventually,  the  secondary  electron  is  captured  by 
some  atom  or  molecule  with  formation  of  a  negative  ion,  unless  it  is 
drawn  by  the  attraction  of  a  positive  ion  (e.g.,  of  the  atom  from  which 
it  had  been  ejected)  and  recombines  with  it.  Recombination  with  the 
parent  positive  ion  might  be  a  likely  event  in  condensed  materials.  The 
final  stages  of  the  history  of  secondary  electrons  are  understood  very 
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poorly,  and  even  tentative  guesses  can  hardly  be  made  regarding  the 
relative  probability  of  different  processes  in  condensed  materials,  whereas 
eventual  negative  ion  formation  is  practically  certain  in  gases.  The 
role  of  electric  relaxation  (see  Sect.  3-5),  that  is,  of  molecular  reorienta- 
tion and  deformation  around  a  positive  ion  in  a  condensed  material, 
even  prior  to  capture  of  the  secondary  electron,  has  been  drawing  atten- 
tion in  very  recent  years  (see  Chap.  3). 

The  formation  of  negative  ions  constitutes  in  itself  a  semipermanent 
change  whose  chemical  and  biological  effectiveness  is  uncertain.  This 
is  considered  in  Chap.  3,  where  it  is  pointed  out  that  the  formation  of  a 
negative  ion  often  leads  to  chemical  dissociation.  This  happens,  for 
example,  in  water. 

Only  highly  electronegative  atoms,  or  groups  of  atoms,  such  as  F,  CI,  O, 
and  Oo,  are  capable  of  capturing  electrons.  Moreover,  electron  capture 
proceeds  slowly,  at  best;  capture  occurs,  on  the  average,  only  after 
thousands  of  collisions  with  electronegative  atoms. 

3-2.  ACTIVATION  BY  X  AND  GAMMA  RAYS 

X  or  7  rays  traversing  matter  produce  three  main  types  of  phenomena : 
the  photoelectric  effect  (Sect.  2-3),  the  Compton  effect  (Sect.  2-2a),  and 
pair  production  (Sect.  2-2b).  These  phenomena  take  place  here  and 
there  through  any  material  exposed  to  X  rays.  The  laws  of  atomic 
physics  predict  the  prohahility  that  any  one  of  these  phenomena  will  take 
place  in  any  given  atom,  but  otherwise  the  actual  occurrence  of  these 
phenomena  proceeds  at  random. 

Each  individual  process  of  photoelectric  effect  or  of  pair  production 
causes  the  disappearance  of  one  X-ray  photon.  The  energy  of  this 
photon  is  transferred  to  one  or  two  electrons  which  are  thereby  violently 
ejected  and  constitute  a  new  corpuscular  ionizing  radiation.  A  part  of 
the  energy  of  the  photon  may  be  reemitted  in  the  form  of  lower  potency 
X  rays,  namely,  by  X-ray  fluorescence  (see  Sect.  2-3)  following  a  photo- 
electric effect,  by  positron  annihilation  following  pair  production  (see 
Sect.  2-2c)  or  by  Bremsstrahlung. 

Each  process  of  Compton  effect  causes  the  transfer  of  a  part  of  the 
energy  of  one  photon  to  an  electron,  which  is  thereby  violently  ejected  and 
constitutes  a  new  corpuscular  radiation.  The  energy  transferred  to  the 
electron  is  almost  invariably  far  in  excess  of  the  chemical  range.  The 
energy  which  remains  in  the  scattered  X-ray  photon  is  subject  again  to 
further  transformations,  like  the  energy  of  the  initial  photon. 

All  processes  produced  by  X  rays  have  therefore  the  main  effect  of 
replacing  X  rays  with  fast  electrons.  The  chemical  action  of  X  rays  is 
exerted  almost  entirely  through  secondary  fast  electrons,  which  act,  in  turn,  as 
described  in  Sect.  3-1. 

The  relative  frequency  of  photoelectric  effect,  Compton  effect,  and  pair 
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production  depends  greatly  upon  the  energy  of  the  X-ray  photons  and 
upon  the  atomic  number  of  the  material  traversed.  The  photoelectric 
effect  predominates  greatly  at  lower  energies,  the  Compton  effect  at 
intermediate  ones,  and  pair  production  at  higher  energies.  Data  on  this 
subject  are  shown  in  Fig.  1-41.     Figure  l-42a  through  c  shows  a  diagram 
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Fig.  1-41.   Relative  probability  of  different  effects  for  X  rays  of  all  energies  in  carbon 
and  lead.      (Courtesy  G.  R.  White.) 


of  a  chain  of  degradation  processes  and  gives  results  on  the  over-all  effects 
of  degradation  of  Co^"  y  rays  in  water. 

When  the  photoelectric  effect  is  most  important,  the  energy  of  each 
X-ray  photon  is  primarily  distributed  by  a  single  photoelectron.  When 
the  Compton  effect  is  most  important,  each  X-ray  photon  produces  in 
succession  a  series  of  secondary  electrons. 

At  high  photon  energies,  where  pair  production  is  most  important,  the 
electron  and  the  positron  which  arise  by  pair  production  from  one  photon 
are  likely  to  lose  most  of  their  energy  in  the  production  of  more  X  rays. 
If  these  X  rays  have  a  still  sufficiently  high  photon  energy,  they  produce 
more  pairs.  The  process  may  go  on  and  on:  X  rays  make  pairs,  the  pairs 
make  more  X  rays,  the  X  rays  make  more  pairs,  .  .  .  (see  Fig.  1-43). 
The  group  of  particles  and  photons  which  results  from  this  process  is 
called  a  "shower,"  or,  more  specifically,  a  "multiplicative  shower"  or 
"cascade  shower."     A  cascade  shower  can  be  started  by  a  single  high- 
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energy  electron   (see  Sect.  3-1)   as  well  as  by  an  X-ray  photon  (Fig. 
1-44). 

When  a  high-energy  electron  or  positron  transfers  a  large  share  of  its 
energy  to  a  newly  emitted  X-ray  photon  and  then  the  photon  produces  a 
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pair,  this  pair  added  to  the  initial  particle  gives  a  total  of  three  particles. 
By  the  time  the  pair  is  generated  by  the  photon,  the  initial  particle  has 
an  even  chance,  on  the  average,  of  emitting  still  another  photon.     Thus 
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the  total  number  of  particles  and  photons  doubles,  on  the  average, 
after  each  step  of  the  phenomenon,  as  shown  schematically  in  Fig. 
1-43. 


®x© 


Fig.  1-43.  Diagram  of  a  cascade-shower 
process.  Dotted  lines  indicate  the 
paths  of  the  X  rays;  solid  lines  indicate 
the  tracks  of  the  electrons  and  positrons. 


Fig.  l-i4.  Stereoscopic  cloud-chamber  pic- 
ture of  a  shower,  initiated  by  an  electron, 
which  develops  as  the  radiation  passes 
through  successive  layers  of  lead.  (Gent- 
ner  et  al.,  1940.) 


The  finer  and  finer  subdivision  of  the  total  energy  available,  into 
packets  of  comparable  size,  stops  when  the  energy  of  the  electrons  and 
positrons  reduces  to  the  level  at  which  it  is  spent  mostly  in  inelastic 
rather  than  in  radiative  collisions. 


3-3.  ACTIVATION  BY  NEUTRONS 

Neutrons  traversing  a  material  interact  almost  exclusively  with  the 
atomic  nuclei.  Nuclear  collisions  occur  here  and  there  throughout  the 
material,  according  to  the  general  rules  indicated  in  Sect.  2-5. 

The  collisions  result  in  the  production  of  secondary  radiations  which 
may  include  charged  corpuscular  radiations,  y  rays,  and  neutrons  of  lower 
energy  than  the  incident  ones.  In  any  event,  the  great  majority  of 
chemical  activations  result  from  the  action  of  charged  particles  since 
the  secondary  y  rays  and  neutrons  also  act  only  indirectly.  A  delayed 
emission  of  secondary  radiation  results  when  the  capture  of  a  neutron 
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leads  to  the  formation  of  a  metastable  nucleus,  e.g.,  a  /3-radioactive 
nucleus. 

Elastic  collisions  of  neutrons  against  hydrogen  nuclei  (protons)  absorb 
most  of  the  neutron  energy  whenever  a  hydrogen-rich  material,  such  as 
tissue,  is  exposed  to  neutrons.  In  the  first  place  a  neutron-proton  impact 
has  a  much  greater  chance  of  yielding  an  elastic  collision  than  capture. 
In  the  second  place  protons,  being  about  as  heavy  as  neutrons,  are 
capable  of  recoiling  violently  under  the  impact.  The  recoiling  proton 
may  take  up  any  fraction  of  the  neutron  energy.  Each  elastic  collision 
leads,  on  the  average,  to  an  even  sharing  of  energy  between  neutron  and 
proton.  As  a  result,  a  material  containing  hydrogen,  which  is  exposed 
to  neutrons,  is  traversed  by  protons  of  all  energies  from  zero  up  to  the 
initial  kinetic  energy  of  the  neutrons.  Elastic  collisions  also  result  with 
highest  frequency  from  the  impact  of  neutrons  on  the  nuclei  of  other 
light  elements,  notably  helium,  carbon,  and  oxygen. 

The  dissipation  of  energy  by  all  possible  mechanisms  must  be  evaluated 
in  detail,  for  each  specific  application,  whenever  the  dissipation  by  proton 
recoil  does  not  constitute  the  main  mechanism  or  whenever  an  accurate 
knowledge  is  desired.  For  example.  Table  1-5  summarizes  the  result  of 
an  evaluation  of  the  energy  dissipated  by  neutrons,  mostly  of  low  energy, 
in  a  biological  material.  The  introduction  in  a  material  of  an  abnormally 
large  amount  of  some  highly  neutron-absorbing  element,  like  boron, 
serves  to  increase  locally  the  energy  dissipated  by  slow  neutrons. 

3-4.  ACTIVATION  BY  INFRARED,  VISIBLE,  AND  ULTRAVIOLET  LIGHT 

As  mentioned  before,  the  potency  of  light  lies  in  the  lower  portion  of 
the  chemical  range.  Light  energy  is  delivered  directly  to  individual 
atoms  and  molecules  by  absorption  of  individual  photons  here  and  there 
throughout  a  material  exposed  to  light.  Photon  absorption  leads  then 
generally  to  a  simple  excitation,  whose  possible  consequences  have  been 
considered  briefly  in  Sects.  2-lc  and  2-3. 

One  further  point  must  be  considered  with  regard  to  the  action  of  light 
on  materials  such  as  living  matter,  or  even  on  less  complex  organic  sub- 
stances. Most  pure  non-electrically-conducting  substances  are  trans- 
parent to  near-infrared,  visible,  and  near-ultraviolet  light.  Therefore 
the  absorption  of  these  radiations  in  most  organic  materials  takes  place 
exclusively  in  special  molecular  groups  which  are  called  "  chromophoric  " 
and  are  present  in  greater  or  smaller  concentration.  The  specific  absorp- 
tion of  visible  light  of  wave  length  between  6000  and  7000  A  by  chloro- 
phyll in  plants  offers  a  familiar  example  of  this  mechanism.  The  absorp- 
tion of  ultraviolet  light  near  2600  A  by  the  purine  and  pyrimidine  groups 
of  nucleic  acids  offers  another  well-known  example. 

Thus  we  see  that  special  groups  of  atoms  constitute  the  point  of  attack 
of  the  primary  action  of  light  on  a  large  number  of  materials,  particularly 
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on  biological  materials.  Different  atomic  groups  respond  to  light  of 
different  wave  lengths.  In  principle  this  makes  it  possible  to  channel  the 
action  of  radiation  by  introducing  suitable  molecular  groups  which 
absorb  specifically  light  of  certain  wave  lengths.  Conversely  the  action 
of  certain  wave  lengths  is  understood  to  be  channeled  through  groups  of 
proper  specificity.  In  practice,  however,  the  absorption  bands  of 
molecular  groups  in  the  liquid  or  solid  state  are  not  too  sharp.  Therefore 
this  specificity  of  action  does  not  actually  serve  as  a  tool  of  investigation 
as  well  as  might  be  wished. 

3-5.  ACTION  OF  FAR-INFRARED  AND  RADIOFREQUENCY  RADIATION 

Electromagnetic  radiation  can  dissipate  energy  by  inducing  electric 
oscillations  in  larger  amounts  of  matter  when  its  frecjuency  is  too  low  to 
match  the  characteristic  frequencies  of  oscillations  of  atoms  or  of  atomic 
aggregates.  This  absorption,  like  the  absorption  of  atoms,  becomes  par- 
ticularly intense  if  the  period  of  oscillation  of  the  radiation  matches  a 
characteristic  time  of  response  of  the  material  exposed  to  radiation. 

Consider  the  two  examples  shown 
in  Fig.  1-45,  namely,  a  cylindrical 
conductor  and  a  suspension  of  par- 
ticles which  are  positively  charged  on 
one  side  and  negatively  charged  on 
the  other.  (These  particles  may  be 
simple  molecules  or  larger  colloidal 
particles;  water  and  ammonia  mole- 
cules, among  many  others,  are  "  polar  " 
molecules,  i.e.,  they  have  an  uneven 
internal  distribution  of  charges  as 
shown  in  the  figure.) 

Figure  1-45  shows  how  either  of 
these  systems  becomes  "  polarized  "  by 
electric  induction  under  the  action 
of  an  electric  force.  Electrons  that 
move  freely  through  the  cylinder 
accumulate  at  its  bottom  surface  and 
leave  a  net  positive  charge  on  the  top 
surface.  A  majority  of  the  particles  in  suspension  take  an  orientation 
with  their  positively  charged  side  pointing  upward. 

Neither  of  these  effects  is  achieved  instantaneously.  The  motion  of 
electrons  through  the  conducting  cylinder  is  opposed  by  the  electric 
resistance  of  the  material  and  by  self-induction  and  capacity  elTects. 
The  reorientation  of  suspended  particles  is  opposed  by  the  impacts 
between  the  suspended  particles  and  the  molecules  of  the  medium  or,  as  it 
may  be  said,  by  internal  friction.     Vice  versa,  the  polarization  does  not 


Fig.  1-45.  Diagram  of  polarization 
effects.  Above:  An  electric  field  in- 
duces positive  and  negative  charges 
on  the  top  and  bottom  surfaces  of  a 
conductor.  Below:  An  electric  field 
changes  the  initial  random  orienta- 
tion of  polar  molecules  in  a  suspension. 
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vanish  instantaneously  if  the  field  is  suddenly  switched  out.  The  time  in 
which  the  polarization  effect  decays  to  1/e,  that  is,  to  37  per  cent  of  its 
initial  value,  serves  as  a  measure  of  the  lag  with  which  the  polarization 
adjusts  itself  to  variations  of  the  field  and  is  called  the  "relaxation  time" 
of  the  system.  Table  1-6  shows  values  of  the  relaxation  time  for  a  few 
typical  systems. 

If  the  electric  force  oscillates  with  a  period  much  longer  than  the  relaxa- 
tion time  of  either  system  in  Fig.  1-45,  that  system  stays  steadily  polar- 
ized according  to  the  instantaneous  value  and  direction  of  the  force.  If, 
on  the  contrary,  the  period  of  oscillation  is  much  shorter  than  the  relaxa- 
tion time,  the  polarization  cannot  possibly  follow  the  variations  of  the 
force  and  necessarily  remains  very  small.  Finally,  if  the  period  of  oscilla- 
tion has  the  same  order  of  magnitude  as  the  relaxation  time,  the  polariza- 
tion barely  succeeds  in  following  the  variations  of  the  force,  and  the 
system  then  absorbs  a  maximum  amount  of  energy  by  dissipation  into 
heat  due  to  electrical  resistance  or  internal  friction. 

Table  1-6.  Sample  Data  on  the  Relaxation  Time  of  Polar  Systems 

Relaxation  Time,  Sec 

Liquid  H2O  at  20°C 0.4  X  lO"!" 

Solid  H2O  at  -5°C 2.7  X  IQ-s 

Solid  H2O  at  -22°C 18  X  IQ-" 

Liquid  C3H7OH  at  20°C 0.9  X  10"" 

Liquid  C3H7OH  at  0°C 1.6  X  10-i« 

Liquid  C3H7OH  at  -60°C 26  X  lO"" 

Energy  thus  absorbed  is  not  capable  of  producing  chemical  transforma- 
tions in  the  irradiated  matter  directly,  owing  to  the  low  potency  of  the 
radiation,  but  may  do  so  indirectly  through  heating  effects.  These 
effects  may  be  localized  if  a  certain  portion  of  the  material  exposed  to  the 
radiation  has  an  electric  relaxation  time  which  just  matches  the  period 
of  oscillation  of  the  radiation. 

3-6.  SPATIAL  DISTRIBUTION  OF  ACTIVATIONS 

We  have  been  dealing,  thus  far,  with,  the  mechanisms  through  which 
radiations  produce  chemical  activations  within  a  material.  Information 
on  the  spatial  distribution  of  the  activations  within  a  material,  i.e.,  on 
the  proximity  of  adjacent  activations,  is  also  important  for  the  interpreta- 
tion of  their  ultimate  biological  effects. 

It  seems  clear  a  priori  that  the  proximity  of  different  activations  may 
affect  the  chance  of  biological  effects.  Suppose,  for  example,  that  activa- 
tions result  in  the  formation  of  diffusible  active  radicals.  These  radicals 
have  a  greater  chance  of  colliding  if  they  arise  close  to  one  another  than 
otherwise.  The  collision  may  conceivably  yield  a  still  more  active 
product,  and  also  an  inactive  one.     Thus  an  increase  in  the  concentra- 
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tions  of  activations  in  a  portion  of  matter  might  either  enhance  or  depress 
the  macroscopic  effect  of  radiation  which  is  observed  eventually. 
Instances  of  enhancement  and  of  depression  of  radiochemical  or  radio- 
biological actions  have  actually  been  found  to  result  from  crowding  of 
activations  (see  Sects.  5-5b  and  c). 

The  following  pages  deal  with  the  factors  which  govern  the  proximity 
of  the  activations  produced  by  radiations.  Ionizing  and  nonionizing 
radiations  behave  quite  differently  in  this  respect  because  the  action  of 
ionizing  radiations  is  concentrated  along  the  tracks  of  charged  particles 
but  the  action  of  nonionizing  radiation  does  not  follow  any  such  system- 
atic pattern. 

Since  light  produces  activations  by  the  direct  absorption  of  different 
photons,  these  activations  take  place  in  different  molecular  groups  inde- 
pendently, in  a  wholly  uncorrelated  random  fashion.  If  an  atom  has  been 
excited  by  light,  adjacent  atoms  have  a  normal  average  chance  of  being 
excited  as  well,  just  like  other  similar  atoms  in  any  portion  of  the  material 
equally  exposed  to  the  radiation  beam.  On  the  other  hand,  if  an  atom 
has  been  excited  by  an  ionizing  radiation,  a  fast  charged  particle  must 
have  passed  in  the  proximity  of  that  atom  and  therefore  the  chance  of 
excitation  of  adjacent  atoms  by  the  same  particle  is  particularly  high. 

In  general,  the  only  systematic  influence  upon  the  proximity  of  activa- 
tions arises  from  their  arrangement  along  and  about  the  tracks  of  fast 
charged  particles.  The  essential  data  required  to  describe  this  arrange- 
ment may  be  derived  from  the  discussion  of  the  collisions  of  charged 
particles  in  Sect.  2-4.  A  picture  of  the  distribution  of  activations  results 
by  considering  a  number  of  separate  questions  such  as  the  average 
number  and  kind  of  collisions  along  the  track  of  a  particle,  the  statistical 
fluctuations  in  the  distribution  of  these  collisions,  and  the  distribution  of 
activations  produced  by  secondary  electrons. 

3-6a.  Collision  Distance  along  the  Tracks  of  Fast  Particles.  The  mean 
number  of  inelastic  collisions  experienced  by  a  charged  particle  traversing 
a  thickness  of  matter  has  been  discussed  in  Sect.  2-4c.  Formula  (22) 
indicates  the  mean  number  of  colHsions  leading  to  a  particular  kind  of 
excitation.  Formula  (21)  indicates  the  mean  number  of  all  inelastic  col- 
lisions which  affect  electrons  bound  in  a  particular  way  within  a  particular 
kind  of  atom.  The  mean  total  number  of  all  inelastic  collisions  is 
obtained  by  adding  the  colhsions  which  affect  all  the  differently  bound 
electrons  in  all  kinds  of  atoms  within  the  material. 

The  average  distance  I  of  two  successive  collisions  of  any  specified  kind 
along  the  track  of  a  particle  is  the  reciprocal  of  the  mean  number  of  those 
collisions  per  unit  length  of  the  track.  This  average  distance  varies 
greatly  depending  on  the  charge  and  speed  of  the  particle,  as  shown  by 
the  formulas.  For  example,  collisions  are  spaced  thousands  of  times 
more  closely  along  the  track  of  a  1-Mev  a  particle  than  along  the  track  of 
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a  1-Mev  electron.  (Most  of  the  difference  stems  from  the  far  lower  speed 
of  the  a  particle;  a  further  factor  of  4  stems  from  its  double  electric 
charge.)  An  a  particle  experiences  an  inelastic  collision,  on  the  average, 
every  5  to  10  A  in  most  solids  or  liquids,  an  electron  less  than  one  every 
micron. 

Whereas  the  average  spacing  of  the  collisions  along  the  track  can  be 
controlled  by  varying  the  speed  and  the  charge  of  the  particles,  the  kind  of 
collisions  does  not  vary  to  a  significant  extent  from  one  radiation  to 
another  (see  Sect.  2-4c  and  Fig.  1-38). 

Activations  may  occur  in  atoms  lying  at  a  substantial  distance  from 
the  line  of  flight  of  a  particle,  as  explained  in  Sect.  2-4a,  Actually  the 
track  of  a  particle  is  identified  only  by  the  position  of  the  activations 
which  are  produced.  These  activations  do  not  lie  exactly  on  a  straight 
line  even  where  the  track  is,  on  the  whole,  straight.  Nevertheless,  the 
track  of  a  particle  may  be  visualized  as  an  ideal  line  running  down  the 
middle  of  the  region  in  which  the  activations  are  distributed.  We  may 
then  inquire  about  the  average,  number  of  activations  at  various  distances 
from  this  line.  The  numbers  are  roughly  equal  in  successive  coaxial 
layers  whose  thickness  increases  in  a  geometric  progression  and  which 
extend,  for  example,  from  5  to  10,  10  to  20,  20  to  40  A,  etc.  from  the  hne. 
The  maximum  distance  of  activations  depends  on  the  condition  that  the 
collision  be  "fast"  (see  Sect.  2-4a). 

Since  collisions  occur  at  random  along  the  path  of  a  particle,  we  may 
inquire  about  the  probability  that  the  actual  distance  between  two  suc- 
cessive collisions  departs  from  the  average  distance  by  various  amounts. 
"Random  occurrence"  of  collisions  means  that  the  chance  for  a  collision 
to  occur  on  a  certain  section  of  track  is  wholly  unrelated  to  whether  or  not 
the  preceding  collision  has  taken  place  only  a  short  distance  before.  The 
law  of  probability  which  governs  the  actual  distance  between  coUisions 
may  be  derived  from  the  following  argument. 

Suppose  that  a  large  number  iVo  of  particles  start  to  travel  under  identical 
conditions  and  that  10  per  cent  of  them  have  undergone  a  collision  within  a  dis- 
tance 5.  The  remaining  90  per  cent  travel  on,  still  unaffected.  Therefore,  10 
per  cent  of  these  90  per  cent,  i.e.,  another  9  per  cent  of  the  initial  Nq  particles, 
experience  a  collision  between  the  distance  5  and  25;  then  10  per  cent  of  the 
remaining  81  per  cent  experience  a  collision  between  25  and  35;  and  so  on  (see 
Fig.  1-46).  This  reasoning  applied  to  very  small,  infinitesimal,  intervals  of  dis- 
tance leads  to  the  basic  law  of  distribution  of  collisions. 

Call  N  the  number  of  particles  which  have  traveled  a  distance  x  without  experi- 
encing any  collision.  The  infinitesimal  fraction  dj  of  these  particles  which 
undergoes  a  collision  in  the  next  infinitesimal  distance  interval  dx  is  proportional 
to  dx, 

df  =  V  dx 
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and  is  independent  of  the  distance  x  already  traveled.  The  coefficient  v  equals 
the  expected  number  of  collisions  per  unit  distance,  i.e.,  the  average  number  of 
collisions  91  calculated  according  to  the  formulas  of  Sect.  2-4c  for  a  layer  of  thick- 
ness t  =  I.  The  reciprocal  of  v  represents  the  average  distance  I  of  two  successive 
collisions.     Therefore,  the  number  A'  decreases  along  dx  by 


-dN  =  Ndf  =  Nv  dx  =  N  dx/l 


(26) 


This  equation  requires  that  the  number  of  particles  A'  which  have  traveled  a 
distance  k  without  any  collision  vary  according  to  the  law 


N/No  =f=e- 


vx    -=    Q—x/l 


(27; 


where  e  represents  the  number  2.718  .  .  .  and  A'o  indicates  the  initial  number  of 
particles.  The  ratio  /  =  N/Nq  is  the  fraction  of  all  particles  which  travel  a 
distance  x  without  collision,  i.e.,  the  probability  for  any  particle  to  travel  that 
distance  without  collision.  Law  (27)  may  be  apphed  to  the  distance  traveled 
without  any  collision  whatsoever  or  to  the  distance  without  any  collision  of  any 
given  type ;  the  appropriate  value  of  the  expected  number  of  collisions  v  must  be 
introduced  in  each  case. 


en 
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Fig.  1-46.  Illustration  of  the  exponential  law  of  probability  for  the  distance  of  succes- 
sive collisions.  The  stepwise  plot  in  (a)  illustrates  the  argument  presented  in  the 
text  in  the  derivation  of  Eq.  (27).  The  semilogarithmic  plot  (6)  corresponds  to  the 
form  [Eq.  (27')]  of  the  exponential  law. 

Figure  1-46  also  shows  that  the  semilogarithmic  plot  of  N  vs.  x  follows 
a  straight  line  with  the  slope  v  which  is  described  by  the  equation 


hiN  =  In  No  —  vx 


(270 
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The  same  type  of  consideration  serves  to  find  the  probabihty  Pn(x) 
that  any  one  particle  undergoes  a  given  number  n  of  colUsions  along  a 
track  distance  x, 

Pn{x)  =  exp(-vx){vxy/nl  (28) 

where  n!  indicates  the  "factorial  of  n,"  i.e.,  the  product  1  •  2  •  3  •  •  •  •  n. 
This  is  the  well-known  Poisson  distribution  law.  The  expected  number 
of  collisions  along  a  track  length  x  equals  vx;  the  actual  number  is  n. 
The  calculation  of  the  probability  P„  for  various  values  of  n  shows  that  the 
most  probable  value  of  n  equals  the  next  integral  number  below  x.  An 
estimate  of  the  likely  departures  of  n  from  x  is  obtained  by  calculating  the 
variance,  or  mean  square  deviation,  of  n.  This  quantity  turns  out  to  equal 
vx  itself,  meaning  that  departures  of  the  order  of  the  root  mean  square 
deviation,  ■\/vx,  are  frequent. 

3-6b.  Distribution  of  Activations  Produced  by  Secondary  Electrons.  As 
we  have  seen  in  Sects.  2-4c  and  3-ld,  the  great  majority  of  the  secondary 
electrons  have  a  rather  low  energy,  even  though  their  aggregate  energy 
amounts  to  about  two-thirds  of  the  energy  lost  by  a  fast  particle.  Elec- 
trons whose  energy  amounts  to  no  more  than  100  or  200  ev  can  transfer 
energy  only  to  the  external  electrons  of  atoms,  and  this  only  when  passing 
right  through  or  very  close  to  an  atom.  On  the  other  hand,  every  passage 
in  the  proximity  of  an  atom  has  a  fair  chance  of  leading  to  a  collision  with 
energy  transfer  because  these  electrons  are  slow.  Furthermore,  low- 
energy  electrons  experience  frequent,  repeated  large-angle  deflections. 

Therefore  low-energy  secondaries  dissipate  most  of  their  energy  within 
a  short  distance  from  their  point  of  origin.  This  distance  is  of  the  order 
of  10  A  in  solid  or  liquid  materials  and  about  1000  times  as  large  in  gases 
at  atmospheric  pressure.  This  energy  is  dealt  out  in  the  form  of  activa- 
tions (excitations  or  ionizations)  at  points  irregularly  scattered  in  the 
proximity  of  the  atoms  from  which  each  electron  was  ejected.  These 
activations  are  said  to  form  a  "cluster." 

Not  all  the  activations  in  a  cluster  are  produced  directly  by  the  secondary 
electron  which  originates  the  cluster.  Some  are  produced  by  other  electrons 
which  are  "secondary  to  the  secondary,"  i.e.,  which  are  ejected  with  sufficient 
energy  as  a  result  of  ionizing  collisions  within  the  same  cluster. 

Little  detailed  information  is  available  regarding  the  statistical  distribution  of 
the  location  of  activations  within  clusters.  The  distance  traveled  by  a  secondary 
electron  depends  on  its  initial  energy,  is  roughly  inversely  proportional  to  the 
density  of  the  material  (see  Sect.  4-2a),  but  depends  little  on  the  chemical  structure 
of  the  material.  The  clusters  include  the  negative  ions  which  arise  by  capture  of 
very  slow  electrons  after  protracted  migration  (see  Sect.  3-ld).  In  the  course  of 
the  migration  the  electrons  diffuse  far  away  from  their  point  of  origin,  probably 
up  to  more  than  100  A  in  water  and  1000  times  as  far  in  air  (even  though  air 
contains  much  oxygen).  Therefore,  negative  ions  lie,  on  the  whole,  much  farther 
from  the  center  of  a  cluster  than  the  positive  ions  or  the  simple  excitations. 
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The  number  of  activations  or  the  number  of  ions  within  a  cluster 
depends  primarily  on  the  energy  of  the  secondary  electron  which  gen- 
erates the  cluster.  The  number  of  ion  pairs  is  roughly  equal,  on  the 
average,  to  the  total  energy  dissipated  within  the  cluster  divided  by 
30  ev  (see  Sect.  3-lb).  Therefore  the  frequency  of  clusters  containing 
different  numbers  of  ion  pairs  shown  in  Table  1-7  parallels  the  frequency 
of  secondary  electrons  of  different  energies  shown  in  Fig.  1-38.  Notice 
that  this  distribution  is  completely  skew;  a  large  proportion  of  the 
clusters  consist  of  a  single  pair  of  ions,  corresponding  to  energy-poor 
secondary  electrons.  The  average  number  of  ion  pairs  per  cluster  is 
approximately  three  for  most  gases. 

Table  1-7.  Frequency  of  Ion  Clusters  Containing  Various  Numbers  of  Ion 

Pairs 
(Experimental  data  from  Wilson,  1923; 


No.  of  ion  pairs  in  cluster 

1 

2 

3 

4 

>  4 

Frequency 

0.43 

0.22 

0.12 

0.10 

0.13 

The  larger  the  initial  energy  of  a  secondary  electron,  the  longer  and  the 
more  nearly  straight  is  its  path.  The  transition  from  cluster  formation  to 
an  arrangement  of  activations  along  a  clear  track  takes  place  gradually, 
of  course,  as  the  energy  increases  from  about  100  to  about  500  to  1000  ev. 
Secondary  electrons  whose  energy  amounts  to  at  least  several  hundred 
electron  volts  are  called  "5  rays." 

The  track  length  of  8  rays  of  various  initial  energies  is  not  known  satis- 
factorily. The  theoretical  methods  for  calculating  the  "range"  of  fast 
charged  particles  (see  Sect.  4-2a)  are  less  reliable  when  applied  to  com- 
paratively slow  electrons.  Experimental  evidence  is  scarce.  Lea  (1946) 
has  given  tables  of  the  numbers  and  ranges  of  8  rays  produced  by  various 
kinds  of  particles  in  living  tissue,  but  these  data  should  be  used  with 
caution.  The  preparation  of  more  comprehensive  and  reliable  data 
requires  further  study. 

3-6c.  Over-all  Distribution  of  Activations  around  the  Tracks  of  Fast 
Particles.  It  follows  from  the  preceding  discussion  that  the  activations 
produced  by  a  fast  charged  particle  are  grouped  in  clusters  of  different 
sizes  spaced  at  irregular  intervals  along  the  track  of-  the  particle.  Many 
"clusters"  actually  consist  of  a  single  activation.  The  activations  pro- 
duced by  the  few  secondary  electrons  whose  energy  is  particularly  high 
constitute  a  5-ray  track  which  branches  out  from  the  main  track. 

The  speed  and  charge  of  a  particle  determine  the  average  spacing  of 
clusters  along  its  track,  but  the  relative  frequency  of  clusters  of  different 
sizes  is  nearly  independent  of  the  characteristics  of  the  incident  particle. 

Cloud-chamber  pictures  of  charged-particle  tracks  give  a  visual  impres- 
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sion  of  the  spatial  distribution  of  the  action  along  the  track,  but  this 
impression  is  often  distorted  by  various  circumstances.  Figure  1-47 
shows  the  tracks  of  a  very  fast  and  of  several  slower  electrons.  Spots  cor- 
responding to  successive  clusters  are  generally  distinguishable  along  the 
fast-electron  track  but  not  along  the  slow-electron  tracks.     The  separate 


Fig.  1-47.   Cloud-chamber  picture  of  the  tracks  of  one  fast 
and  several  slower  electrons.      {Gentner  et  al.,  1950.) 


Fig.  1-48.  Cloud- 
chamber  picture  of  a 
magnified  electron 
track.  {Gentner  et  al., 
1940.) 


ions  in  each  cluster  cannot  be  resolved  in  the  picture  unless  time  is 
allowed  for  the  ions  to  diffuse  apart  before  the  chaml)er  expands.  Figure 
1-48  is  a  magnified  picture  of  a  track  with  resolved  clusters,  but  the  posi- 
tions of  the  individual  ions  in  this  picture  do  not  correspond  to  the  actual 
points  of  origin  of  the  ions. 

The  tracks  of  a  particles  or  protons  of  a  few  million  electron  volts  are 
marked  by  collisions  so  closely  spaced  (owing  to  the  low  velocity  of  these 
particles)  that  the  successive  clusters  merge  to  form  a  single  compact 
column  (Fig.  1-49).     It  seems  somewhat  uncertain  how  well  the  cloud- 
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Fig.  1-49.  Cloud-chamber  pictures  of  a-particle  tracks  in  a  rarefied  gas.     {Gentner 
et  al.,  1940.) 


chamber  pictures  reflect  the  actual  distribution  of  activations.  Part  of 
the  observed  blending  of  clusters  certainly  arises  from  the  migration  of 
electrons  prior  to  the  formation  of  negative  ions  (see  Sect.  3-6b),  and  thus 
appears  as  a  somewhat  spurious  effect.  Notice  also  that  the  pictures 
taken  in  increasingly  rarefied  gases  show  an  increasing  amount  of  detailed 
5-ray  structure  and  give  less  and  less  the  impression  of  an  even  columnar 
distribution  of  ions. 

3-7.  SUMMARY 

The  main  lasting  effects  of  radiation  of  a  material  consist  of  changes  in 
the  chemical  state  of  aggregation  of  the  material.  Changes  in  the  aggre- 
gation of  particles  within  atomic  nuclei  are  overshadowed  in  numbers  by 
chemical  changes,  by  many  orders  of  magnitude. 

Chemical  changes  result,  in  the  main,  from  the  disturbance,  or  "activa- 
tion," of  the  external  electrons  of  atoms  and  molecules.  Ripping  of 
chemical  bonds  through  bodily  bumping  of  whole  atoms  by  radiation 
particles  is  infrequent  under  ordinary  conditions. 

Two  phases  are  distinguishable  in  the  chain  of  processes  that  follow  the 
introduction  of  radiation  energy  into  a  material:  (1)  the  first  phase 
develops  through  radiation  phenomena  and  ends  when  most  of  the  energy 
absorbed  is  distributed  in  separate  packets  having  the  form  of  chemical 
activations ;  (2)  the  second  phase  of  the  process  develops  through  chemical 
(molecular)  processes  and  is  accompanied  by  the  eventual  complete 
degradation  of  the  radiation  energy  into  heat.  We  have  much  better 
information  on  the  first  phase  of  the  process  than  on  the  second.  The 
present  treatment  deals  only  with  the  first  phase.  The  first  phase  is 
missing  in  the  case  of  low-potency  radiations  (see  Sect.  3-5),  whose  initial 


84  RADIATION    BIOLOGY 

action  consists  in  heating  and  merely  increases  the  ever-present  chance  of 
chemical  rearrangements  activated  by  thermal  fluctuations. 

All  ionizing  radiations  produce  the  great  majority  of  chemical  activa- 
tions through  a  single  mechanism,  namely,  through  glancing  collisions  of 
charged  particles  against  the  external  electrons  of  atoms.  Therefore  all 
ionizing  radiations  are  expected  to  have  essentially  similar  effects,  in  par- 
ticular the  following: 

(a)  There  is  no  way  of  affecting  the  relative  average  amounts  of  energy 
absorbed  by  specific  groups  of  atoms  or  by  larger  portions  of  matter  except 
by  modifying  their  crude  constitutions  (see  Sect.  3-4). 

(h)  The  average  chemical  potency  of  activations  (as  well  as  the  energy 
involved  in  each  individual  activation)  does  not  depend  on  the  physical 
characteristics  of  the  ionizing  radiations  inducing  them.  It  exceeds  con- 
siderably the  potency  of  activations  induced  by  ultraviolet  light  or  by 
other  radiations  of  even  less  potency. 

(c)  Activations  induced  in  different  atoms,  or  groups  of  atoms,  are  cor- 
related in  space  and  time  because  they  occur  along  the  paths  of  fast 
charged  particles. 

(d)  Physical  control  of  the  speed  of  charged  particles  traversing  matter 
affects  the  average  distance  between  successive  activations,  or  clusters  of 
activations,  induced  by  ionizing  radiations.  Any  resulting  variation  of 
the  over-all  effectiveness  of  the  radiations  should  be  attributed  to  inter- 
action effects  between  the  phenomena  developing  from  neighboring 
activations. 

The  action  of  ultraviolet  light  (as  well  as  of  visible  or  infrared  light  in  so 
far  as  they  are  chemically  effective)  is  exerted  directly  on  the  "chromo- 
phoric"  groups  of  atoms  which  absorb  individual  photons.  The  main 
characteristics  of  the  effects  of  optical  radiations  are: 

(a)  Limited  chemical  potency,  in  proportion  to  the  amount  of  energy 
carried  by  each  photon  (see  the  chart  in  Fig.  1-5). 

(6)  Absence  of  any  correlation  in  time  and  space  between  the  activation 
of  different  atoms  or  groups  of  atoms. 

(c)  Selective  activation  of  those  atoms,  or  groups  of  atoms,  which  are 
best  fitted  to  absorb  the  radiation  used.  This  selective  activation  affords 
good  potentialities  for  specific  action,  which  find  applications  in  nature 
(as,  for  example,  in  the  mechanism  of  color  vision),  but  they  have  not 
proved  very  effective  as  tools  of  experimental  research. 

4.  PENETRATION   OF  RADIATIONS  IN   MATTER 

The  following  sections  deal  with  the  macroscopic  distribution  of  radia- 
tion effects  in  various  portions  of  a  material.  By  and  large,  deep-lying 
portions  of  a  material  are  shielded  from  the  radiation  by  the  more  super- 
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ficial  layers  of  the  same  material  if  the  radiation  source  is  external  to  the 
material.  If  the  source  is  embedded  in  the  material,  the  portions  distant 
from  the  source  are  similarly  protected.  An  immediate  cjuestion  is: 
How  far  does  a  particular  radiation  penetrate  within  a  material?  More 
specifically,  how  does  the  chance  of  activation  of  any  atom  depend  on  its 
location  within  a  material  with  respect  to  the  radiation  source?  This 
chance  does  not  vary  much  between  points  at  a  short  distance  from  one 
another  unless  the  structure  of  the  material  lacks  uniformity. 

Our  problem  is,  therefore,  one  of  macroscopic  distribution  and  concerns 
really  the  average  action  of  radiation  over  portions  of  matter  containing 
large  numbers  of  atoms.  The  average  amount  of  energy  absorbed  per 
unit  mass  (or  volume)  by  different  portions  of  a  material  can  well  be  taken 
as  an  index  of  the  chance  of  activation  of  any  one  atom  within  each 
portion. 

Besides  the  attenuation  of  radiation  due  to  its  interaction  with  a 
material,  we  must  always  consider  the  simple  attenuation  due  to  diver- 
gence of  the  radiation  flow  away  from  its  source.  If  the  source  is  con- 
centrated in  a  narrow  space,  this  effect  alone  reduces  the  radiation 
intensity  in  inverse  ratio  to  the  square  of  the  distance  from  the  source,  as 
shown  in  Fig.  1-50.  Therefore  this  effect  is  commonly  referred  to  as  the 
"1/rMaw." 


Fig.  1-50.  Illustration  of  the  l/r'^  law.  The  areas  Si  and  <S2  intercepted  by  a  cone 
diverging  from  a  source  located  at  T'  are  proportional  to  the  squares,  al  and  Oj,  of 
their  respective  distances  from  V.  If  the  same  quantity  of  radiation  flows  through 
Si  and  Si,  the  average  intensity  on  these  surfaces  must  be  inversely  proportional  to 
their  areas,  i.e.,  proportional  to  l/a^  and  l/al,  respectively. 

The  interactions  of  radiation  with  a  material  oppose  the  penetration  to 
deep-lying  portions  of  the  material  in  two  different  ways,  namely: 

(a)  Progressive  dissipation,  or  outright  absorption,  of  radiation  energy 
in  layers  of  the  material  nearer  to  the  source  of  radiation. 

(b)  Scattering  actions  which  divert  the  flow  of  radiation  from  its 
initial  direction.  Scattering  actions  complicate  the  pattern  of  flow  of 
radiation  and  make  the  study  of  penetration  more  difficult. 

Scattering  causes  some  of  the  radiation  energy  to  flow  sideways  with 
respect  to  the  direction  of  incidence.     Nevertheless  portions  of  a  material 
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located  at  equal  depth  below  the  surface  receive  equal  amounts  of  energy, 
provided  that  the  dimensions  of  the  surface  uniformly  exposed  to  radia- 
tion are  large  as  compared  to  the  penetration  of  the  radiation.  Figure 
1-51  and  Table  1-8  show  how  the  escape  of  radiation  sidewise,  beyond  the 
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Fig.   1-51.   Charts  of  X-ray  dose  distribution  within  and  at  the  edges  of  a  beam 
traversing  tissue.      {Glasser,  1950.) 

Table  1-8.  Percentage  Depth  Dose"  for  Various  Sizes  of  Irr.\diated  Area 

(Quimby  and  Focht,  1943) 


Irradiated  area,  cm^ 
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"  Depth  dose — 100  X  dose  at  stated  depth /dose  at  surface.  Values  are  for  1000-kv 
X  rays  (half-value  layer  3.8  mm  of  lead  or  10.3  cm  of  Presdwood)  and  70  cm  focus-skin 
distance. 

limits  of  the  region  directly  exposed,  affects  the  absorption  at  various 
depths,  under  different  circumstances. 

The  complications  due  to  scattering  effects  are  minimal  in  the  penetra- 
tion of  heavy  charged  particles. 
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4-1.  HEAVY  CHARGED  PARTICLES 

Rutherford's  basic  experiment  described  in  Fig.  1-32  shows  that  sharp 
deflections  of  heavy  charged  particles  are  quite  rare.  Hence  it  may  be 
assumed,  as  a  first  approximation,  that  these  particles  travel  through 
matter  along  straight  tracks. 

Heavy  charged  particles  dissipate  their  energy  progressively  along 
their  tracks  in  the  course  of  a  very  large 
number  of  inelastic  collisions.  Since 
heavy  particles  with  a  kinetic  energy  of 
the  order  of  a  few  million  electron  volts 
are  not  extremely  fast,  they  experience 
rather  frequent  energy  losses.  As  men- 
tioned before,  the  average  distance  be- 
tween successive  inelastic  collisions  is  of 
the  order  of  10  A  in  a  material  hke 
water  and  1000  times  larger  in  air. 

As  a  particle  dissipates  its  energy  and 
slows  down,  its  rate  of  energy  dissipa- 
tion, i.e.,  the  "stopping  power"  of  the 
material  for  that  particle,  varies  as  indicated  in  Fig.  1-37.  When  the 
total  energy  dissipation  by  a  beam  of  particles  in  successive  layers  of  the 
material  is  plotted  against  the  depth  of  the  layer  from  the  surface,  there 
results  a  curve  of  the  type  shown  in  Fig.  1-52.  This  curve  is  called  a 
''Bragg  curve."  As  the  depth  of  penetration  increases,  the  curve  of  Fig. 
1-52  is  followed  from  left  to  right,  the  curve  of  Fig.  1-37  from  right  to 
left.     The  "specific  ionization"  along  the  track  of  particles  in  a  gas,  i.e., 
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Fig.  1-52.  Rate  of  energy  dissi- 
pation ("Bragg  curve")  and  mean 
residual  energy  of  an  a  particle 
along  its  path  in  air. 
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Fig.  1-53.  Range  of  protons  of  different  energies  in  water  and  in  air.  (Courtesy 
M.  Lewis.)  For  extensive  data  on  the  ranges  of  heavy  particles  see  Aron  et  al.  (1949), 
Bethe  (1949),  and  Bakker  and  Segre  (1951). 

the  number  of  ion  pairs  produced  per  unit  distance,  is  proportional  to  the 
stopping  power  at  a  rate  of  approximately  30,000  ion  pairs  produced 
per  million  electron  volts  of  energy  dissipated.  Figure  1-52  also  shows 
the  progressive  average  decrease  of  the  particle  energy  in  the  course  of 
penetration. 

Figure  1-52  shows  a  dotted  straight-line  extension  of  the  steepest  por- 
tion of  the  Bragg  curve.  The  intercept  of  this  dotted  line  on  the  abscissa 
is  generally  taken  as  the  value  of  the  effective  "range"  of  the  particles,  as 
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it  is  difficult  and  of  no  great  interest  to  determine  where  each  particle 
actually  stops  after  having  become  " slow."  Figure  1-53  gives  data  on  the 
effective  range  of  protons  and  on  the  rate  of  energy  dissipation  and 
mean  residual  energy. 

The  following  rules,  based  on  the  discussion  in  Sect.  2-4b,  serve  as  a  guide  to 
estimate  the  ratio  of  the  stopping  powers  of  different  materials: 

1.  The  stopping  power  is  approximately  proportional  to  the  number  of  elec- 
trons per  unit  volume  of  material. 

2.  The  number  of  electrons  per  unit  volume  equals  the  product  of  Avogadro's 
number  N  =  6.0  X  10^^,  the  density  p,  and  the  atomic  number  Z  divided  l)y  the 
atomic  weight  A  of  the  material, 

No.  of  electrons  per  unit  volume  =  NpZ/A  (29) 

3.  The  ratio  of  atomic  number  to  atomic  weight  equals  1  for  hydrogen,  }  2  for 
the  other  light  elements,  and  a  little  less  than  >^  for  heavier  elements  (approxi- 
mately 0.4  for  lead).  If  a  standard  value  of  Z/A,  e.g.,  yi,  is  adopted,  the  number 
of  electrons  appears  to  be  simply  proportional  to  the  density  of  the  material. 

4.  The  internal  electrons  of  heavy  elements  contribute  little  to  the  energy  dis- 
sipation by  heavy  particles  (see  Fig.  1-36)  and  should  be  discounted  accordingly. 

5.  When  the  material  under  consideration  contains  different  chemical  elements, 
the  number  of  electrons  per  unit  volume  corresponding  to  the  different  elements 
must  be  added.  We  must  therefore  consider  separately  the  partial  densities 
Pi,  p2,  ...  of  the  component  elements  and  the  corresponding  values  Zi/Ai, 
Z2/A2,  .  .  .  of  the  ratio  Z/A.     The  number  of  electrons  is  then 

Nip,Z,/Ar  +  P2ZJA2  +  ■  •  •)  (29') 

If  a  standard  value  of  Z/A  is  adopted,  as  in  item  3  above,  then  the  number  of 
electrons  is  again  proportional  to  the  total  density: 

N{p,  +P-2+  ■  ■  ■)Z/A  =  NpZ/A 

6.  The  stopping  power  of  a  material  for  different  heavy  particles  of  equal 
velocity  differs  only  in  proportion  to  the  square  of  their  charges. 

A  discussion  of  various  influences  on  the  penetration  of  particles  has  been  pub- 
lished recently  by  Platzman  (1952). 

4-1  a.  Straggling.  The  actual  energy  dissipation  along  the  tracks  of  individual 
particles  may  depart  a  little  from  its  expected  value,  owing  to  statistical  fluctua- 
tions of  the  distance  of  collisions  and  of  the  amount  of  the  energy  lost  in  individual 
collisions.  This  leads  to  small  random  variations  of  the  total  track  length;  for 
example,  particles  which  experience  a  particularly  large  energy  loss  stop  short  of 
the  effective  range.  This  variability  of  the  actual  range  is  called  "straggling." 
The  tail  end  of  the  Bragg  curve  in  Fig.  1-52  is  rounded  off  because  of  straggling. 

The  amount  of  straggling  can  be  estimated  from  the  data  on  the  statistics  of 
collisions  involving  various  amounts  of  energy  loss.  Straggling  is  rather  small 
for  heavy  particles  of  moderate  energy,  but  it  increases  with  the  energy  of  the 
particles.     Figure  1-54  gives  illustrative  data  on  straggling. 
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4-1  b.  Deflection  of  the  Track.  We  consider  here  briefly  the  deflections  experi- 
enced by  a  heavy  particle  along  its  track,  which  we  have  disregarded  so  far.  The 
rare  occurrence  of  rather  large  sharp  deflections  is  governed  by  Rutherford's 
formula,  Eq.  (13).  Very  small  deflections  take  place  steadily  in  the  course  of 
every  collision,  elastic  or  inelastic,  experienced  by  a  particle.  These  successive 
deflections  are  directed  in  various  ways  and  frequently  tend  to  cancel  each  other. 
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Fig.  1-54.  Straggling  of  protons  and  a.  particles.  The  difference  between  the  extra- 
polated range  fextr  and  the  mean  range  R,  in  per  cent  of  the  latter,  is  given  as  a  func- 
tion of  the  mean  range.      {Livingston  and  Bethe,  1937.) 

On  the  whole,  however,  the  direction  of  the  track  eventually  departs  more  and 
more  from  the  initial  direction,  in  the  same  way  as  a  particle  in  Brownian  motion 
eventually  gets  away  from  its  initial  position.  The  distribution  of  particles 
about  their  initial  direction  can  be  described  approximately  as  a  gaussian  dis- 
tribution with  an  additional  extended  tail  which  arises  primarily  from  occasional 
large-angle  scattering  (see  Hanson  et  al.,  1951).  The  gaussian  portion  has  a 
width  corresponding  to  a  mean  square  deflection  of 


<,.>  =  ^rN(Z'J^  Z).'e<  ^^ 


p2p2 


l.2)t 


(30) 


where  B  is  the  solution  of  the  equation 


B  -InB  =  \n 


NiZ^  +  Z)z^ 


t 


h^ 


5.27Z?^[1  +  3.33(Zc/137y)2]    mh>^ 


(30') 


ze,  p,  and  v  are  the  charge,  momentum,  and  velocity  of  the  incident  particle,  Z  is 
the  atomic  number  of  the  material,  A^  the  number  of  atoms  per  unit  volume  of 
the  material,  t  the  thickness  of  material  traversed,  ni  the  mass  of  the  atomic  elec- 
trons, h  the  Planck  constant,  and  c  the  velocity  of  light.  This  formula  is  written 
so  that  it  holds  for  relativistic  speeds  of  the  incident  particles  and  for  incident 
electrons  as  well  as  for  heavy  particles.  [Notice  the  resemblance  of  the  first 
factor  of  Eq.  (30)  to  the  Rutherford  equation,  Eq.  (13) ;  the  addition  of  Z  to  Z^ 
in  the  numerator  is  a  rough  attempt  to  take  into  account  the  scattering  by  the 
atomic  electrons.]  Occasionally  minute  deflections  may  not  tend  to  average  out 
but  pile  up  to  simulate  a  steady  curvature  of  a  track. 
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4-lc.  Effect  of  Nuclear  Collisions.  Particles  of  sufficiently  high  energy,  of 
the  order  of  100  Mev  or  more,  penetrate  so  deeply  into  matter  that  they  have  a 
considerable  chance  of  hitting  a  nucleus  squarely.  Under  these  conditions  the 
pattern  of  distribution  of  the  radiation  energy  through  matter  is  considerably 
altered.  Secondary  high-potency  radiations  stem  from  the  nuclei  that  have 
been  hit  (see  Sects.  2-4d  and  2-5).  Information  on  effects  of  this  type  was 
still  fragmentary  at  the  time  of  this  writing  (1950). 

4-2.  ELECTRONS 

Electrons  penetrating  into  matter  undergo,  like  heavy  charged  par- 
ticles, a  progressive  energy  loss  through  inelastic  collisions;  they  also 
experience  repeated  deflections,  mostly  through  elastic  collisions.  On  the 
other  hand,  these  two  processes  of  absorption  and  scattering  have  different 
relative  importance  for  electrons  and  heavy  particles  because  electrons 
are  much  more  easily  deflected  owing  to  their  smaller  mass.  Since  the 
over-all  process  of  penetration  is  quite  complicated  when  the  deflection 
effects  are  paramount,  data  on  the  average  amount  of  energy  delivered 
by  electron  beams  to  successive  layers  of  various  materials  are  still 
inadequate. 

Scattering  effects  become  comparatively  less  important  when  the  elec- 
tron velocity  approaches  the  velocity  of  light.  For  electrons  of  very  high 
energy,  above  1  Mev,  the  effects  of  energy  dissipation,  i.e.,  of  outright 
absorption,  tend  to  predominate  over  the  effects  of  scattering,  owing  to 
the  increased  inertia  of  very-high-speed  particles.  Therefore  the  tracks 
of  high-energy  electrons  are  more  nearly  straight,  like  the  tracks  of  heavy 
particles.  However,  the  length  of  electron  tracks  greatly  exceeds  the 
length  of  heavy-particle  tracks  of  equal  energy,  because  heavy  particles, 
being  slower,  dissipate  energy  at  a  higher  rate  (except  at  extremely  high 
energies,  as  noted  later). 

Photographs  of  electron  tracks  of  different  energies  in  Fig.  1-47  illus- 
trate the  different  importance  of  scattering  effects  in  different  energy 
ranges.  The  scattering  effects  would  be  much  more  important  if  the 
medium  consisted  of  a  high  atomic  number  material  rather  than  of  air. 

Finally,  the  energy  loss  by  electrons  due  to  X-ray  emission  becomes 
paramount  at  sufficiently  high  energies  (that  is,  beyond  10  to  100  Mev, 
depending  on  the  atomic  number  of  the  material;  see  Sect.  l-4b).  This 
type  of  energy  loss,  which  is  wholly  unimportant  in  the  case  of  heavy 
particles,  sets  an  upper  limit  to  the  penetration  of  electrons  in  a  material, 
no  matter  how  high  their  energy.  However,  the  energy  lost  by  the  elec- 
trons is  carried  along  in  this  case  by  the  propagation  of  X  rays  and  by 
the  resulting  cascade  shower  production  and  thus  reaches  much  farther 
than  the  electrons  themselves. 

In  conclusion  the  distribution  of  the  energy  carried  by  an  electron 
beam  to  a  material  takes  place  according  to  different  patterns,  depending 
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on  the  electron  energy  and  also  upon  the  atomic  number  of  the  material. 
The  following  sections  deal  first  with  the  various  ciualitative  aspects  of 
penetration  and  then  give  more  specific  data  on  the  energy  distribution. 

4-2a.  Moderate  Energy:  Penetration  Limited  by  Deflection.  The  relative 
importance  of  deflection  by  elastic  collisions  against  nuclei  and  of  energy 
losses  by  collision  against  atomic  electrons  is  nearly  independent  of  the 
electron  energy  for  electrons  of  energy  up  to  approximately  1  Mev.  This 
is  understandable  since  both  processes  result  from  impacts  between 
charged  particles. 

On  the  other  hand,  the  relative  importance  of  deflections  and  collisions 
varies  in  proportion  to  the  atomic  number  of  the  material  for  the  following 
reason.  The  deflections  depend  mainly  on  the  square  of  the  nuclear 
charge  [Eq.  (13),  Sect.  2-2c],  i.e.,  on  the  square  of  the  atomic  number,  but 
the  energy  loss  depends  mainly  on  the  number  of  electrons  [Eq.  (17), 
Sect.  2-4b],  i.e.,  on  the  first  power  of  the  atomic  number.  The  scattering 
effects  turn  out  to  be  more  important  than  energy  losses  in  opposing  the 
penetration,  in  all  materials  but  those  of  lightest  atomic  number.  The 
two  effects  are  of  comparable  importance  in  materials  like  carbon  or 
oxygen.  By  and  large,  the  deflections  effectively  stop  the  initial  penetra- 
tion of  an  electron  before  the  electron  has  lost  all,  or  even  most,  of  its 
energy. 

Once  the  electron  track  has  been  turned  off  its  initial  direction,  it  con- 
tinues to  curve  in  various  directions  at  random.  Sudden  kinks  appear 
here  and  there  on  the  track  where  a  large-angle  scattering  has  taken 
place.  Since  large-angle  scattering  arises  mostly  from  elastic  collisions 
with  atomic  nuclei,  its  probability  is  given  approximately  by  Eq.  (13). 

A  track  may  curve  all  the  way  back  to  the  surface  of  the  material 
through  which  the  electron  had  entered,  in  which  case  we  speak  of  a 
"  backscattering  "  of  the  electron,  or  the  changing  curvature  may  lead  to  a 
deeper  penetration.  The  probability  of  backscattering  depends  on  the 
relative  importance  of  scattering  and  energy  dissipation  and  therefore 
primarily  on  the  atomic  number.  Figure  l-55a  gives  data  on  the  prob- 
ability of  backscattering. 

The  curvature  of  the  track  and  the  rate  of  energy  dissipation  become  greater 
and  greater  as  an  electron  loses  speed  (see  Fig.  1-47) .  The  rate  of  energy  dissipa- 
tion varies  along  the  track  according  to  the  Bragg  curve  of  Fig.  1-52,  except  that  it 
starts  at  a  much  lower  level  than  in  the  case  of  heavy  particles ;  therefore  the  rising 
portion  of  the  curve  is  greatly  extended. 

Because  of  the  increasing  curvature,  the  eventual  depth  attained  by  an  electron 
depends  primarily  on  the  depth  of  initial  penetration,  i.e.,  on  the  distance  covered 
by  the  electron  before  being  turned  off  its  initial  direction.  This  distance  may 
vary  greatly  from  one  electron  to  another  owing  to  accidental  summation  or  can- 
cellation of  successive  minute  deflections  along  each  track  and  to  the  accidental 
occurrence  of  sharp  deflections. 
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To  indicate  the  progress  of  the  average  deflection  as  the  electrons  dis- 
sipate their  energy,  we  may  consider  the  progressive  decrease  of  the  cosine 
of  the  angle  6  between  the  momentary  direction  of  each  electron  and  its 
initial  direction.  The  mean  value  of  cos  d  for  a  population  of  electrons 
decreases  approximately  in  proportion  to  the  0.3Z  power  of  their  kinetic 
energy,  where  Z  is  the  atomic  number  of  the  material  penetrated  (Blan- 
chard  and  Fano,  1951).  For  a  heavy  material  this  means  that  (cos  6) 
drops  to  3^2  by  the  time  the  electrons  have  dissipated  only  a  fraction, 


avg 


2.3/Z 


(31) 


of  their  initial  energy.     Even  for  a  light  material  like  tissue,  (cos  0)avg 
becomes  quite  small  by  the  time  most  of  the  energy  has  been  dissipated. 
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Fig.  1-55.  (a)  Fraction  of  electrons  from  different  sources  back  scattered  by  materials 
of  different  atomic  numbers.  {Data  from  various  authors;  courtesy  H.  Seliger,  1950.) 
(b)  Energy  distribution  of  the  electrons  backscattered  by  different  materials.  (Bothe, 
1949.) 

Since  the  electrons  entering  a  "heavy"  material  turn  around  rather 
soon,  on  the  average,  those  electrons  which  are  actually  backscattered  are 
likely  to  emerge  from  the  material  with  a  high  residual  energy.  "Light " 
materials  yield  low-energy  backscattered  electrons  (Fig.  l-55b). 

Since  the  penetration  of  electrons  follows  a  capricious  path  the  concept 
of  "range"  of  penetration  is  not  so  unique  for  electrons  as  it  is  for  heavy 
particles.  The  total  length  of  the  track  of  an  electron  in  an  unbounded 
material  is  called  the  "true  range."  This  length  can  be  calculated  from 
the  stopping  power  of  the  material,  like  the  range  of  heavy  particles. 

The  dependence  of  the  mean  "stopping  number"  B  in  Eq.  (17)  upon 
the  energy  of  an  electron  may  be  disregarded  over  a  wide  range  of  electron 
energies.  When  this  is  done  the  true  range  R  is  found  to  be  proportional 
to  the  square  of  the  initial  kinetic  energy  T  of  an  electron.  Making  use  of 
the  rules  for  the  estimation  of  the  stopping  power  indicated  in  Sect.  4-1 
and  assuming  a  value  of  the  stopping  number  B  of  approximately  10,  the 
following  expression  is  obtained: 
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Here  A  and  Z  indicate  the  atomic  weight  and  the  atomic  number  of  the 
material,  p  the  density  of  the  material  in  g/cm^  and  T  the  electron  energy 
in  thousand  electron  volts.  This  formula  appears  to  hold  satisfactorily 
from  about  10  to  200  kev  in  materials  of  low  atomic  weight.  In  "heavy" 
materials  the  formula  is  less  satisfactory  in  the  lower  portion  of  this  range 
since  B  varies  more  rapidly. 

Actually,  throughout  its  range  of  validity,  this  formula  nowhere  repre- 
sents the  depth  of  penetration  to  be  expected  in  a  material,  since  it  gives 
the  length  of  the  path  which  is  far  from  straight.  What  matters  is  how 
much  energy  a  beam  of  electrons  dissipates  in  successive  layers  of  a  mate- 
rial. Some  data  on  this  question  are  available  (Trump  et  al.,  1940,  1950). 
A  qualitative  picture  emerges,  for  electrons  of  low  or  moderate  energies, 
from  the  following  very  crude  considerations. 

Since  most  electrons  lose  the  "memory"  of  their  initial  direction  before 
they  are  completely  slowed  down,  the  initial  penetration  of  a  beam  has 
the  main  effect  of  "injecting"  the  electrons  at  some  depth  within  the 
material.  Thereafter  the  electrons  essentially  diffuse  away  from  the  zone 
of  injection  in  random  directions.  This  zone  of  injection  lies  in  light 
materials  at  a  depth  of  a  few  times  smaller  than  the  true  range  of  the  elec- 
trons and  in  heavy  materials  at  a  depth  twenty  to  fifty  times  smaller  than 
the  true  range. 

The  concentration  of  electrons  is  highest  in  the  zone  of  injection.  Con- 
sequently a  maximum  of  energy  is  dissipated  in  this  zone  rather  than  right 
at  the  surface  through  which  the  beam  enters  the  material.  Furthermore 
the  deep-lying  layers  of  the  material 
are  traversed  by  electrons  of  lower 
average  energy  which  dissipate  their 
energy  at  a  higher  rate.  This  effect 
shifts  the  point  of  maximum  energy 
dissipation  toward  greater  depth. 
(The  same  effect  is  much  stronger  in 
the  case  of  heavy  particles  and  gives 
rise  to  the  maximum  of  the  Bragg 
curve  of  Fig.  1-52).  Figure  1-56  gives 
approximate  data  on  the  energy  dis- 
sipation at  various  depths  in  a  heavy 
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Fig.  1-56.  Diagram  of  energy  dissi- 
pation by  an  electron  beam  at 
various  depths  of  penetration  within 
a  material.  {Courtesy  of  J .  Fleeman 
and  F.  Frantz.) 


The  shape  of  the  curves  in  Fig.  1-56  depends  primarily  on  the  atomic  number 
of  the  material  but  rather  little  on  the  energy  T  of  the  incident  electrons  as  long 
as  this  energy  remains  well  below  1  Mev.  As  the  energy  increases,  other  con- 
ditions being  equal,  the  depth  of  penetration  increases,  and  therefore  the  scale 
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of  abscissas  in  Fig.  1-56  is  stretched  in  proportion  to  the  true  range  of  the  elec- 
trons, i.e.,  approximately  in  proportion  to  the  square  of  the  energy  T  [see  Eq. 

(32)]. 

Extrapolation  of  the  curve  in  Fig.  1-56  at  its  steepest  point  serves  to 
identify  a  depth  which  may  be  taken  as  an  index  of  maximum  penetration, 
i.e.,  as  an  effective  range.  The  practical  characterization  of  maximum  penetra- 
tion will  be  considered  again  in  Sect.  4-2f. 

Little  is  known  about  the  displacement  of  the  electrons  sidewise  from  the  beam 
direction;  one  may  estimate  that  the  average  value  of  this  displacement  is  com- 
parable to  the  average  depth  of  penetration. 

4-2b.  Intermediate  Energy:  Predominance  of  Energy  Loss  hy  Collision. 
As  mentioned  before,  the  energy  dissipation  along  the  track  acquires 
greater  and  greater  importance  as  compared  to  the  scattering  effects  for 
electrons  whose  speed  approaches  more  and  more  closely  the  velocity  of 
light.  This  relates  to  the  circumstance  that  the  "stopping  power,"  or 
rate  of  energy  loss,  of  an  electron  depends  on  the  electron  velocity  rather 
than  on  its  energy  [Eq.  (17)]  and  therefore  no  longer  decreases  when  the 
energy  increases  beyond  1  Mev.  On  the  contrary  the  probability  of 
deflections  keeps  decreasing  as  the  energy  increases,  approximately  in 
inverse  ratio  to  the  square  of  the  energy.  Therefore  electrons  of  increas- 
ing energy,  in  the  multimillion-volt  range,  dissipate  a  greater  and  greater 
fraction  of  their  energy  before  being  greatly  deflected  from  their  initial 
direction. 

The  rate  of  energy  dissipation  of  these  electrons  is,  very  roughly, 
independent  of  the  energy  and  falls  within  the  range  of 

1  to  2p  Mev/cm  (33) 

where  p  indicates  the  density  of  the  material  in  g/cm\  The  actual  value 
lies  nearer  to  the  lower  limit  of  this  range  for  heavy  materials,  like  lead, 
and  nearer  to  the  upper  hmit  for  Kght  materials.  This  result  may  also 
be  expressed  with  reference  to  the  energy  dissipation  in  a  layer  of  material 
of  known  mass  per  unit  area,  independently  of  its  density.  The  energy 
loss  falls  between  1  and  2  Mev  per  g/cm-  of  mass  of  the  layer. 

For  electrons  of  sufficiently  high  energy  only  a  very  small  fraction  of 
the  initial  energy  remains  after  an  electron  has  undergone  a  substantial 
deflection.  The  initial  energy  required  for  this  depends  on  the  atomic 
number  of  the  material,  since  the  deflection  effects  are  more  important  in 
heavy  than  in  light  materials.  In  light  materials  the  deflection  effects 
are  not  very  important  even  at  low  energies,  and  therefore  the  energy  loss 
predominates  beginning  at  a  few  million  electron  volts.  In  heavy  mate- 
rials scattering  predominates  greatly  at  low  energies;  accordingly  scat- 
tering becomes  unimportant  only  at  much  higher  energies.  In  fact,  in 
materials  like  lead,  there  remains  no  energy  range  in  which  the  energy 
loss  by  collision  constitutes  the  main  obstacle  to  penetration,  because 
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the  radiative  collisions  become  paramount  before  scattering  becomes 
unimportant. 

4-2c.  Extremely  High  Energy:  Predominance  of  Radiation  Losses,  Cas- 
cade Shower  Effects.  The  energy  loss  by  X-ray  production  begins  to 
predominate  over  the  dissipation  by  inelastic  collision  at  an  energy  which 
depends  on  the  atomic  number  Z  of  the  material  and  is  of  the  order  of 

lOyZ  ev  (34) 

according  to  Eq.  (12),  Sect.  l-4b.  Whenever  most  of  the  electron  energy 
goes  into  X  rays,  most  of  the  X-ray  energy  goes  into  pair  production,  A 
"cascade  shower"  of  high-energy  electrons,  positrons,  and  X-ray  photons 
is  then  formed  as  described  in  Sect.  3-2.  There  remains  to  be  seen  how 
the  energy  of  a  shower  becomes  distributed  in  successive  layers  of  a 
material. 

Scattering  of  the  shower  radiation  in  different  directions  is  rather 
unimportant,  except  at  the  lower  energy  end  of  showers  in  heavy  mate- 
rial. In  the  first  place,  electron  deflection  progresses  slowly,  as  com- 
pared to  X-ray  production,  at  all  energies  above  approximately  20  Mev. 
(The  relative  importance  of  electron  scattering  and  X-ray  production  is 
independent  of  the  atomic  number  since  both  effects  vary  mainly  in  pro- 
portion to  Z".)  Similarly,  Compton  scattering  of  the  X  rays  is  unimpor- 
tant at  high  energies  as  compared  to  pair  production;  furthermore,  the 
photon  energy  drops  to  a  low  level  in  the  unlikely  event  of  Compton 
scattering  by  a  large  angle  (see  Sects.  2-2a  and  3-2).  In  the  second  place 
the  new  particles  and  photons  which  are  generated  in  a  shower  travel 
approximately  in  the  same  direction  as  the  generating  radiation. 

As  a  result,  particles  or  photons  of  energy  E  within  a  cascade  shower 
normally  travel  within  a  narrow  cone  whose  aperture  is  of  the  order  of 

2/E  radians  =  115/^  degrees  (35) 

where  the  energy  E  is  expressed  in  million  electron  volts. 

A  shower  dissipates  its  energy  to  the  material  traversed  primarily 
through  the  inelastic  collision  losses  of  the  electrons  and  positrons.  The 
positrons  behave  essentially  like  the  electrons,  as  will  be  discussed  in 
Sect.  4-2d.  Since  the  rate  of  energy  dissipation  by  high-energy  electrons 
or  positrons  is  roughly  independent  of  their  energies  and  roughly  equal  to 
1.5p  Mev/cm  [expression  (33)],  the  rate  of  energy  dissipation  by  the  whole 
shower  equals  approximately  1.5p  times  the  number  of  particles  which 
traverse  each  particular  layer  of  material. 

The  number  of  particles  in  showers  which  develop  under  identical  conditions  is 
subject  to  large  statistical  variations.  The  energy  lost  by  electrons  in  radiative 
collisions  is  evenly  distributed,  on  the  average,  among  photons  of  all  energies  up 
to  the  total.  However,  any  one  electron  may  transfer  most,  or  even  all,  of  its 
energy  to  a  single  photon,  or  it  may  distribute  its  energy  among  many  smaller 
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photons.  Similarly,  the  energy  of  a  pair-producing  photon  may  be  shared  in  any 
ratio  between  the  electron  and  positron  with  nearly  equal  chance.  Moreover, 
the  radiation  of  a  high-energy  photon  by  an  electron  or  the  pair  production  by  a 
photon  may  take  place  after  a  flight  of  variable  length. 

Nevertheless,  when  a  beam  of  high-energy  electrons  strikes  a  material,  the 
important  quantity  is  the  average  number  of  particles  which  traverse  each  layer 
per  electron  incident  on  the  material.  The  order  of  magnitude  of  this  number 
may  be  estimated  by  a  semiquantitative  schematic  discussion  of  the  shower 
phenomenon,  disregarding  statistical  fluctuations. 

Assume,  for  the  sake  of  the  argument,  that  each  electron  or  positron  travels  a 
fixed  distance  d  characteristic  of  each  material,  and  then  generates  one  photon 
carrying  half  its  energy.  Assume  also  that  the  photon  travels  an  equal  distance 
and  then  forms  a  pair  of  particles,  each  of  which  carries  just  half  the  energy  of  the 
photon,  etc.  If  there  occurs  one  "doubling  up"  every  path  length  d,  a  layer  of 
material  located  at  a  depth  n  times  d  is  traversed  by  approximately  2"  particles 
or  photons.  The  numbers  of  electrons,  positrons,  and  photons  tend  to  remain 
equal. 

The  shower  multiplication  stops  when  the  energy  is  so  subdivided  that  the 
energy  dissipation  by  electrons  and  positrons  through  inelastic  collisions  exceeds 
the  energy  spent  in  producing  new  X  rays.  At  this  point  the  energy  of  particles 
and  photons  is  of  the  order  of  10^/Z  ev,  according  to  expression  (34) . 

According  to  this  picture  an  electron  of  energy  E  ev  gives  rise  to  a  shower  which 
develops  up  to  a  number  of  particles  and  photons  of  the  order  of  EZ/ 10^.  This 
maximum  number  is  attained  at  a  depth  of  nM  times  the  distance  d,  where  the 
number  nu  fulfills  the  condition 


2"^EZ/109 


(36) 


The  distance  d  corresponds  in  essence  to  the  so-called  "radiation  length." 
The  radiation  length,  in  turn,  equals,  to  within  a  factor  of  the  order  of  1,  the 
average  distance  traveled  by  a  very-high-energy  photon  before  producing  a  pair  or 
the  average  distance  traveled  by  an  electron  or  positron  before  radiating  away 
its  energy  in  the  form  of  X  rays.  Table  1-9  gives  the  values  of  the  radiation 
length  in  various  materials.  The  results  of  detailed  calculations  or  of  experi- 
ments on  cascade  showers  are  usually  plotted  against  the  depth  of  penetration 
expressed  in  radiation  lengths.  For  detailed  results,  see,  for  example,  Janossy 
(1948),  pp.  202  ff. 

Table  1-9.  Radiation  Lengths  in  Various  Materials 


Material 

H2 

C 

N2 

O2 

Al 

A 

Fe 

Cu 

Pb 

Air 

H2O 

Radiation  length,  g/cm^ 

138 

52 

45 

39.7 

26.3 

20.8 

14.4 

13.3 

5.9 

43 

43 

These  values  must  be  divided  by  the  density  in  g/cm'  to  obtain  the  length  in 
centimeters. 

Figure  1-57  shows  plots  of  the  numbers  of  particles  against  the  depth 
of  penetration.  The  region  of  maximum  intensity  of  the  shower  spreads 
out  over  quite  a  thick  layer  of  material  because  of  the  statistical  fluctua- 
tions which  were  disregarded  in  the  preceding  discussion.     For  the  same 
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reason  the  concentration  of  particles  and  photons  never  attains  a  value 
as  high  as  that  given  by  expression  (36)  l)ut  remains  some  10  times  lower. 
Wilson  (1952)  has  made  numerical  calculations  of  shower  development  at 
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Fig.  1-57.  Approximate  number  of  particles  in  showers  of  different  total  energies  at 
various  depths  within  a  material.  Depth  is  expressed  in  radiation  lengths  (see 
Table  1-9).  Shower  energy  Eo  is  expressed  with  reference  to  the  energy  e  dissipated 
by  a  high-energy  particle  per  radiation  length.  This  energy  equals  98  Mev  for  air, 
52  for  aluminum,  25  for  iron,  and  7  for  lead  and  is  about  30  to  40  per  cent  smaller 
than  lO'/Z  ev.  Therefore  Eo/e  is  essentially  the  same  as  the  quantity  (36).  The 
number  of  particles  multiplied  by  e  and  divided  by  the  radiation  length  gives  the 
energy  dissipation  in  a  layer  of  1  cm.      (Rossi  and  Greisen,  1941.) 

moderately  high  energies,  up  to  500  Mev,  starting  from  more  realistic 
data  on  X-ray  and  pair  production  than  had  been  done  in  earUer  calcula- 
tions.    The  shower  maximum  is  shown  to  spread  over  a  still  broader  range 
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Fig.  1-58.  Energy  dissipation  at  various  depths  within  materials  exposed  to  X  rays 
from  a  330-Mev  synchrotron.      (Blocker  et  al.,  1950.) 

of  layers  of  the  material  than  had  been  anticipated.  Figure  1-58  gives 
experimental  data  on  the  energy  dissipation  vs.  the  depth  of  penetration 
for  showers  generated  by  a  synchrotron. 

When  the  process  of  shower  multiplication  subsides,  the  lower  energy 
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electrons  and  photons  travel  on  deeper  into  the  material.  The  further 
penetration  of  the  electrons  and  positrons  proceeds  as  described  in  the 
preceding  section.  The  further  penetration  of  photons  proceeds  as  will 
be  described  in  Sect.  4-3b.  The  lower  energy  photons,  having  little 
chance  of  forming  pairs,  turn  out  to  constitute  the  most  penetrating 
secondary  component  of  a  shower. 

4-2d.  Positive  Electrons.  The  penetration  and  the  distribution  of 
energy  by  positive  electrons  take  place  in  the  same  manner  as  for  ordinary 
negative  electrons,  except  for  a  few  rather  minor  differences. 

A  positron  is  constantly  exposed  to  annihilation  as  a  result  of  collision 
with  an  atomic  electron  anywhere  along  its  track.  However,  the  chance 
of  annihilation  remains  small  until  the  positron  has  spent  nearly  all  its 

kinetic     energy.     Figure    1-59    gives 

data    on  the  chance  of  annihilation 

along  the  track. 
<  0.10  -  /  As  indicated  in  Sect.  2-2b,  positron 

2^^^[  /  annihilation    may   yield   one   or   two 

X-ray  photons.     Emission  of  a  single 

Q5        5        5Q  photon    is    never    very    likely.     Its 

ENERGY,  Mev  maximum  probability  is  estimated  to 

Fig.  1-59.  Probability  of  annihilation       be  at  most  20  per  cent  of  the  prob- 

before  stopping  for  positrons  of  differ-      ability  of  two-photon  annihilation  for 

ent  energies.      {Heitler,  1944.)  5-Mev  positrons  in  lead. 

The  elementary  processes  of  collision  of  charged  particles,  as  described 
in  earlier  sections,  have  equal  probability  irrespective  of  whether  the 
charge  of  the  incident  particle  is  positive  or  negative  [see  Eq.  (13),  Sect. 
2-2c].  Accordingly,  only  the  strength  of  the  electric  forces  between  the 
incident  particle  and  the  atomic  particles  matters,  irrespective  of  their 
sign.  This  accounts  for  the  basic  similarity  of  the  behavior  of  electrons 
and  positrons  traversing  matter. 

However,  attractive  and  repulsive  forces  do  produce  different  effects 
when  the  forces  are  very  strong  and  act  on  particles  whose  speed 
approaches  the  speed  of  Ught.  The  formulas  of  Sec.  2-2c  do  not  indicate 
this  difference  of  action  because  they  are  derived  under  the  assumption 
that  the  velocity  of  the  incident  particle  remains  much  smaller  than  the 
speed  of  light.  An  improved  analysis  must  take  into  account  the  special 
effects  of  inertia  which  arise  when  the  speed  of  light  is  approached.  These 
effects  turn  out  to  increase  the  chance  of  sharp  deflections  of  electrons  and 
to  reduce  the  corresponding  chance  for  positrons  when  the  energy  of  the 
incident  particles  amounts  to  hundreds  of  thousands  of  electron  volts  or 
more. 

Therefore  scattering  effects  are  less  important,  as  compared  to  the 
energy  dissipation,  for  high-energy  positrons  than  for  electrons.  The 
probal)ility  of  backscattering  of  positrons  has  been  observed  to  Ue  about 
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30  per  cent  below  the  corresponding  probability  for  electrons  (Seliger, 
1950). 

4-2e.  Penetration  of  Thin  Foils.  It  is  sometimes  of  interest  to  consider  how 
the  passage  through  a  thin  layer  of  material  modifies  the  characteristics  of  a  beam 
of  electrons.  Consider,  for  example,  a  beam  of  cathode  rays  which  has  been 
accelerated  to  a  definite  energy  inside  an  evacuated  vessel  and  then  emerges 
from  the  vessel  through  a  thin  window  which  absorbs  only  a  small  fraction  of  the 
beam  energy.  Most  of  the  electrons  emerge  with  nearly  equal  energies  and 
traveling  approximately  in  the  initial  direction. 

The  average  energy  loss  depends  on  the  foil  thickness  and  on  the  stopping 
power  of  the  material  and  can  be  evaluated  as  indicated  in  Sect.  4-1.  The 
departures  from  the  average  energy  loss  may  be  subdivided  into  two  classes. 
Small  departures,  similar  to  the  straggling  of  heavy  charged  particles  (see  Sect. 
4-la),  are  the  rule.  Unusually  large  energy  losses  may  arise  either  from  an 
occasional  knock-on  collision  in  which  an  atomic  electron  acquires  a  rather  large 
amount  of  energy  or  from  the  emission  of  an  X-ray  photon.  As  we  know,  X-ray 
emission  is  quite  unlikely  for  lower  energy  electrons  and  in  light  materials,  but  it 
becomes  increasingly  frequent  as  the  electron  energy  and  the  atomic  number  of 
the  material  increase. 

In  conclusion,  it  may  be  said  that  large-energy  straggling  constitutes  an  occa- 
sional anomaly  under  most  conditions  but  becomes  the  rule  in  the  conditions 
which  lead  to  the  formation  of  cascade  showers.  The  accumulation  of  the  effects 
of  small  deflections  proceeds  for  electrons  in  the  same  way  as  for  heavy  charged 
particles  (see  Sect.  4-lb) .  The  mean  square  angle  of  deflection  increases  as  a  func- 
tion of  the  thickness  of  the  foil  according  to  Eq.  (30).  Occasional  sharp  deflec- 
tions are  noticeable.  Their  probability  follows,  in  the  main,  the  law  of  Ruther- 
ford scattering,  Eq.  (13),  Sect.  2-2c. 

4-2f.  Penetration  of  Thick  Foils.  The  fraction  of  incident  electrons  that  passes 
through  comparatively  thick  foils  is  frequently  the  object  of  experiments  directed 
to  evaluate  the  energy  of  the  beam.  Aluminum  foils  are  mostly  employed  in 
these  experiments,  but  foils  of  other  light  materials  give  comparable  results. 

The  number  of  electrons  which  penetrate,  to  increasing  depths,  a  material 
remains  fairly  constant  during  the  early  stages  of  penetration,  i.e.,  until  the  effect 
of  progressive  scattering  becomes  important.  This  stage  lasts  longer  in  light  than 
in  heavy  materials  and  is  followed  by  a  rapid  decrease  of  the  number  of  electrons 
attaining  greater  and  greater  penetrations.     Therefore  the  curves  of  Fig.  1-60 
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Fig.    1-60.  Diagram   indicating   progressive   reduction   of   the   fraction   of   incident 
electrons  which  are  transmitted  through  foils  of  increasing  thickness. 
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representing  the  number  of  electrons  transmitted  through  foils  of  increasing 
thickness  resemble  the  curves  of  Fig.  1-56  except  for  the  lack  of  an  initial  rise. 
In  fact,  the  plot  of  "number  vs.  thickness,"  rather  than  the  plot  of  "energy  vs. 
depth,"  serves  usually  as  a  basis  for  the  definition  and  for  the  experimental 
determination  of  the  "extrapolated  range"  of  electrons  (see  Fig.  1-56). 

The  minimum  thickness  of  material  which  lets  no  electron  through 
is  also  of  practical  importance.  This  thickness  may  be  called  the 
"maximum  range."  It  coincides,  in  principle,  with  the  "true  range" 
(see  Sect.  4-2c)  since  maximum  penetration  is  achieved  by  an  electron 
which  happens  to  undergo  no  deflection  and  therefore  travels  in  a  straight 
line  until  its  energy  is  fully  spent;  in  practice,  the  probability  of  straight- 
Hne  travel  is  vanishingly  small.  The  maximum  range  is  considerably 
larger  than  the  "extrapolated  range"  for  electrons  of  moderate  energy  in 
heavy  materials,  where  scattering  is  most  important. 

"True"  range,  "extrapolated"  range,  and  "maximum"  range  are 
almost  synonymous  when  energy  dissipation  by  collision  predominates 
over  the  effect  of  scattering  (see  Sect.  4-2b).  On  the  other  hand,  the 
concept  of  "range"  becomes  meaningless  when  X-ray  production  pre- 
dominates and  showers  are  formed. 

4-2g.  Data  on  Electron  Penetration.  It  would  be  desirable  to  present 
sets  of  data  pertaining  to  the  penetration  of  electrons  of  various  energies 
into  various  material  and  concerning  (1)  the  stopping  power,  (2)  the 
"true"  range,  (3)  the  "extrapolated"  range,  (4)  the  dissipation  of  energy 
at  various  depths,  including  the  case  of  shower  formation,  and  (5)  the  dis- 
tribution of  electrons  and  photons  generated  by  shower  processes. 

Data  of  fair  accuracy  on  items  (1)  and  (2)  can  be  derived  from  the  basic 
theory  of  stopping  power  [Eq.  (19),  Sect.  2-4b],  but  no  extensive  tabula- 
tion is  available  and  experimental  data  are  scarce  and  often  of  low  precision. 
Figure  1-61  shows  experimental  data  on  the  extrapolated  range  [item  (3)] 
in  aluminum ;  corresponding  data  on  other  materials  are  scarce.  Quanti- 
tative information  on  item  (4)  is  still  hmited  (see  Figs.  1-61  and  1-62), 
even  though  it  would  not  be  difficult  to  derive  it  experimentally  in  many 
instances.  Quantitative  information  on  showers  can  be  derived  from 
theory  with  fair  accuracy,  except  at  lower  energies  in  heavy  materials, 
but  tabulations  are  scarce.  The  Wilson  (1952)  sample  calculations  on 
showers  constitute  some  of  the  most  instructive  data  available. 

4-2h.  Penetration  of  Beta  Rays  through  Thick  Foils.  The  0  rays  from 
any  radioactive  substance  consist  of  electrons  or  positrons  of  different 
kinetic  energies,  which  range  from  zero  up  to  a  maximum  which  depends 
on  the  substance.  As  these  electrons  penetrate  through  a  material,  the 
lower  energy  ones  stop  first  and  then  those  of  higher  and  higher  energies. 
The  plot  of  the  number  of  electrons  transmitted  through  a  foil  vs.  the 
thickness  of  the  foil  shows,  then,  an  upward  concavity,  as  in  Fig.  l-63a. 
The  penetration  of  the  few  electrons  of  highest  energy  tends  to  extend  the 
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Fig.  1-62.  The  maximum  range  Rm,  in  g/cm^  of  aluminum,  for  /3  rays  of  some 
radioactive  materials  with  different  maximum  energies  Em.     (Evans,  1948.) 

''tail"  of  the  curve,  but  this  tail  may  fade  into  the  "background"  of 
particles  which  are  scored  by  the  detector  even  in  the  absence  of  the 
jS-ray  source. 

It  so  happens  that  the  curves  of  transmission  vs.  depth  have  approximately 
the  same  shape  as  the  graph  of  the  exponential  function  e"''  over  a  fairly  extended 
range  of  values  of  the  depth.  This  is  confirmed  by  the  fact  that  the  semi- 
logarithmic  plot  of  the  same  data  (Fig.   l-63b)  approximates  a  straight  line. 
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Therefore  the  relation  between  the  number  N  of  electrons  transmitted  and  the 
thickness  ^  of  a  foil  may  be  represented  by  the  empirical  equation 


N{t)  ~  N{0)e-'^^ 


(37) 


The  coefficient  n  characterizes  the  slope  of  the  plot  in  Fig.  l-63b,  which  is  de- 
scribed by  the  equation 

In  Nit)  «  In  NiO)  -  tit  (38) 

This  coefficient  ju  is  called  the  "absorption  coefficient"  by  analogy  with  the 
similar  coefficient  which  appears  in  the  law  of  X-ray  penetration  (see  Sect.  4-3a). 
However,  the  coefficient  /x  serves  merely  to  characterize  an  approximate  empirical 
relation  for  j8-ray  absorption,  whereas  it  has  an  intrinsic  physical  significance  for 
the  absorption  of  X  rays. 

The  absorption  coefficient  n  may  be  related  to  the  average  energy  or,  even 
more  conveniently,  to  the  maximum  energy  Em  of  the  electrons  of  each  jS-emitting 
substance  by  means  of  the  approximate  empirical  equation 


m/p  =  22E 


1.33 


(39) 


where  p  is  the  density  of  the  absorber  in  g/cm^  and  Em  is  expressed  in  million 
electron  volts.     Alternately,   and   more   frequently,   the   abscissa   of  the   point 
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Fig.  1-63.  Diagram  indicating  the  reduced  transmission  of  /3  rays  through  foils  of 
increasing  thickness. 

in  Fig.  1-63  at  which  the  curve  fades  into  the  background  is  considered  as  "maxi- 
mum range,"  Rm-  Figure  1-62  gives  the  experimental  values  of  Rm  vs.  Em  for 
aluminum. 

4-3.  X  RAYS 

The  penetration  of  X  rays  into  matter  is  limited  by  the  same  processes 
which  serve  to  distribute  the  X-ray  energy  to  matter,  namely,  photo- 
electric effect,  Compton  scattering,  and  pair,  production.     As  seen  in 
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Sect.  3-2,  the  photoelectric  effect  predominates  for  lower  photon  energies, 
the  Compton  effect  for  intermediate,  and  pair  production  for  the  higher 
energies. 

The  scattering  of  X  rays  and  the  penetration  of  secondary  electrons 
complicate  the  study  of  the  distribution  of  X-ray  energy  in  different 
portions  of  a  material.  The  difficulties  encountered  resemble  those  met 
in  the  study  of  electron  penetration,  but  our  present  knowledge  is  bet- 
ter regarding  the  penetration  of  X  rays  than  that  of  electrons. 

4-3a.  Law  of  Penetration  for  Monochrotnatic  X  Rays  {^'Narrow  Beam" 
Penetration).  Whereas  charged  particles  have  a  good  chance  of  experi- 
encing minute  deflections  or  minute  energy  losses  as  they  traverse  even  a 
very  thin  layer  of  matter.  X-ray  photons  may  traverse  even  a  thick  layer 
of  matter  without  being  changed  at  all.  The  study  of  penetration 
becomes  much  simpler  if  only  that  fraction  is  considered  of  the  intensity 
of  an  X-ray  beam  which  traverses  a  layer  of  matter  without  experiencing 
any  change  at  all.  Interaction  with  matter  by  photoelectric  effect  or  pair 
production  leads  to  outright  absorption  of  X-ray  photons ;  interaction  by 
Compton  effect  leads  to  deflection  and  to  a  change  of  photon  energy. 
We  consider  here  the  ideally  simple  process  of  attenuation  of  a  mono- 
chromatic X-ray  beam,  in  which  any  change  is  regarded  as  a  total  loss. 

Each  X-ray  photon  has  a  constant  probability  of  being  absorbed  or 
scattered  in  successive  layers  of  equal  thickness,  no  matter  how  much 
material  it  has  traversed  previously.  This  condition  is  the  same  which 
governs  the  occurrence  of  collisions  of  a  particle  along  its  track  (except 
that  particle  collisions  are  much  more  frequent).  Therefore  the  con- 
siderations developed  in  Sect.  3-6a  and  illustrated  in  Fig.  1-43  apply  to 
the  penetration  of  X  rays.  The  total  intensity  of  a  beam  of  mono- 
chromatic X  rays  decreases  in  the  course  of  penetration  in  proportion  to 
the  probability  of  attaining  a  greater  and  greater  depth  without  being 
absorbed  or  scattered. 

Thus  the  intensity  varies  as  a  function  of  the  depth  of  penetration  x 
according  to  a  law  having  the  same  form  as  Eq.  (27).  The  probability 
for  a  photon  to  be  absorbed  or  scattered  per  unit  distance  of  penetration 
in  a  material  is  usually  indicated  by  the  symbol  /x  and  is  called  the 
"absorption  coefficient."  This  probability  n  corresponds  to  the  prob- 
ability of  collision  per  unit  length,  in  the  discussion  in  Sect.  3-6a,  which 
is  equal  to  the  expected  number  of  collisions  v  over  a  section  of  track  of 
unit  length.  Therefore  the  variation  of  intensity  /  as  a  function  of  x  is 
described  by  the  formula 

I(x)  =  7(0)6-"-  (40) 

where  7(0)  represents  the  intensity  at  the  depth  x  =  0,  i.e.,  the  incident 
intensity. 

The  intensity  may  be  expressed  in  any  appropriate  unit.     From  the 
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physical  standpoint  the  intensity  is  an  energy  flow  per  unit  area  per  unit 
time.  It  may  also  be  expressed  as  a  flow  of  photons,  equal  to  the  flow  of 
energy  divided  bj''  the  energy  hu  oi  each  photon. 

According  to  the  exponential  law  of  penetration,  Eq.  (40),  the  intensity 
does  not  vanish  exactly,  however  large  the  thickness  of  material  traversed. 
Some  minute  fraction  of  the  X-ray  intensity  penetrates  through  any 
barrier. 

The  intensity  of  the  monochromatic  beam  drops  to  half  its  initial  value  after 
traversing  a  thickness  of  material  equal  to 

x^  =  In  (2/m)  =  0.693/m  (41) 

This  thickness  is  called  a  "half- value  layer,"  and  its  value  serves  frequently  as  an 
index  of  the  penetrating  capacity  of  X  rays.  Thicknesses  of  2,  3,  4,  .  .  .  half- 
value  layers  reduce  the  intensity  to  i.^  >^,  He,  .  .  .  of  its  initial  value. 

The  reciprocal  of  the  absorption  coefficient  ju  corresponds  to  the  quantity  v  in 
Eq.  (27)  which  indicates  the  mean  distance  between  successive  collisions  along 
the  track  of  a  particle.  (The  reciprocal  of  ju  is  sometimes  called  the  "relaxation 
length.")  The  absorption  coefficient  itself  represents  a  reciprocal  distance  and  is 
expressed  accordingly  in  inverse  centimeters  (cm^^). 

Frequently,  however,  it  is  convenient  to  express  the  thickness  of  the  layers  of 
material  traversed  by  X  rays  according  to  their  mass  per  unit  area,  that  is,  in 
g/cm^.  The  absorption  coefficient  is  then  called  the  "mass  absorption  coef- 
ficient" and  is  expressed  in  inverse  g/cm^,  i.e.,  in  cmVg-  The  value  of  /x  in 
cm-i  is  then  referred  to  more  specifically,  as  the  "linear  absorption  coefficient." 
The  ratio  of  the  value  in  cm-i  to  the  value  in  cmVg  is  simply  the  density  p  of  the 
material  in  g/cm^. 

The  mass  absorption  coefficient  has  a  more  basic  significance  than  the  linear 
coefficient  because  the  X-ray  absorption  actually  depends  on  the  amount  of  ma- 
terial packed  within  a  layer  rather  than  on  the  thickness  of  the  layer.  A  change 
of  density  affects  the  linear  but  not  the  mass  absorption  coefficient. 

The  absorption  coefficient  consists  of  three  components:  iiph,  which  corresponds 
to  the  probability  of  photoelectric  absorption,  Mpair,  which  corresponds  to  the 
probability  of  pair  production,  and  jjlsc,  which  corresponds  to  the  probability  of 
scattering. 

M    =   MpA    +  Mpair   +  Msc  (42) 

Scattering  arises  primarily  from  the  Compton  eifect,  but  there  is  also  an  appreci- 
able probability  of  plain  scattering  which  exerts  no  effect  on  matter  (see  Sect. 
2-3)  and  is  called  "coherent  scattering."  The  probabiUty  of  photoelectric  effect 
and  of  Compton  effect  equals  the  sum  of  the  probabilities  that  either  effect 
results  from  the  action  of  X  rays  on  each  of  the  various  atomic  electrons. 

Figure  1-64  shows  data  on  the  whole  absorption  coefficient.  (Sample  data  on 
the  probabiUty  of  various  effects  are  also  shown  in  Figs.  1-24,  1-29,  1-41.)  The 
mass  absorption  coefficient  varies  regularly  from  element  to  element  as  a  function 
of  the  atomic  number.  Detailed  tabulations  of  the  values  of  the  absorption 
coefficient  for  all  elements  are  given  by  White  (1951). 
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The  chances  of  absorption  and  Compton  scattering  of  X  rays  by  adjacent 
atoms  are  quite  independent.  The  chance  of  coherent  scattering  depends  a 
little  on  the  arrangement  of  adjacent  atoms  in  liquid  and  in  noncrystalline  solids. 
In  crystalline  solids  the  combined  coherent  scattering  by  many  atoms  gives  rise 
to  the  striking  phenomenon  of  crystal  diffraction. 
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Fig.    1-64.  Total  narrow-beam  mass  absorption  coefficient  for  X  rays  of  different 
energies  in  aluminum  and  lead.      (Courtesy  G.  R.  White.) 

Therefore,  except  for  crystal  diffraction,  the  total  attenuation  of  X  rays  in 
passing  through  any  material  results  very  approximately  from  the  sum  of  the 
attenuations  due  to  the  separate  constituent  elements  of  the  material.  The 
mass  absorption  coefficient  of  a  material  equals  the  arithmetic  mean  of  the  mass 
absorption  coefficients  of  its  constituent  elements  Nos.  1,  2,  3,  .  .  .  ,  weighted 
according  to  the  crude  chemical  composition  of  the  material. 


The  coefficients  pi,  p2, 
the  material.^ 


fj.  =  piMi  +  p2fJL2  +  PiiJ-i  +   •  •   •  (43) 

.  .  .  indicate  the  per  cent  by  weight  of  each  element  in 


As  mentioned  before,  the  simple  exponential  law  of  attenuation,  Eq. 
(40),  holds  when  the  intensity  I{x)  includes  only  the  fraction  of  the 
incident  X  rays  which  has  traversed  a  material  without  experiencing  any 

5  For  the  purpose  of  calculating  the  X-ray  absorption  coefficient,  or  some  other 
atomic  property,  of  a  material  containing  different  elements,  the  material  is  often 
characterized  by  an  "effective  atomic  number."  Thus,  for  example,  if  the  absorption 
coefficient  fx  of  each  element  happened  to  be  proportional  to  the  cube  of  its  atomic 
number  Z,  the  Zeu  of  a  mixture  of  elements  could  be  defined,  according  to  Eq.  (4.3), 
by  the  formula 

Zl,,  =  p.Zl  +  p,Zl  +  p,Zl  +   ■   ■  ■ 

Then  the  absorption  coefficient  of  the  mixture  would  be  treated  as  the  coefficient 
pertaining  to  a  single  element  whose  atomic  number  equals  Zett.  Naturally,  the 
definition  of  Zen  must  be  adapted  in  each  case  to  the  actual  dependence  of  the  coeffi- 
cient under  consideration  upon  the  atomic  number  of  each  element. 
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deflection  or  change  of  energy.  This  fraction  may  be  determined  experi- 
mentally provided  that  the  reception  of  unwanted  radiation  is  minimized 
by  the  device  which  measures  the  transmitted  intensity  I(x). 

The  arrangement  shown  in  Fig.  1-65  attains  this  goal  to  a  degree  which 
depends  on  the  narrowness  of  the  beam  after  passing  the  collimator  and 
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Fig.  1-65.  Schematic  layout  for  measurements  of  narrow-beam  absorption  coefficients. 

on  the  distance  of  the  source  and  of  the  detector  from  the  absorber. 
These  geometrical  characteristics  of  the  arrangement  cannot  be  improved 
indefinitely  without  an  excessive  reduction  of  the  X-ray  intensity.  The 
geometrical  recjuirements  are  not  too  strict  at  lower  X-ray  energies,  since 
most  of  the  attenuation  is  due  to  photoelectric  effect.  On  the  contrary, 
very  small  angle  scattering  becomes  quite  important  at  high  energies, 
and  an  adequate  measurement  requires  a  high-precision  geometry. 

Since  a  direct  measurement  of  /x  is  performed  with  a  narrow  beam  of 
X  rays,  this  quantity  is  frequently  referred  to,  more  specifically,  as  the 
'^narrow  beam  absorption  coefficient." 

4-3b.  N arrow-beam  Penetration  of  Non-monochromatic  X  Rays.  When 
a  non-monochromatic  beam  of  X  rays  traverses  a  material,  each  mono- 
chromatic component  is  absorbed  or  scattered  independently  of  the 
others,  at  a  rate  determined  by  the  value  of  the  absorption  coefficient 
which  corresponds  to  its  energy. 

Generally,  the  lower  energy,  or  "softer,"  components  are  absorbed  at  a 
higher  rate  than  the  higher  energy  ones.  (The  downward  trend  of  the 
absorption  coefficient  with  increasing  energy  is  reversed  only  at  very  high 
energies.)  Therefore  the  spectral  composition  of  the  beam  changes 
progressively.  The  softer  components  disappear  and  the  higher  energy, 
or  "harder,"  components  become  comparatively  more  prominent.  The 
average  rate  of  attenuation  of  the  whole  beam  decreases  in  the  course  of 
penetration. 

Therefore,  the  slope  of  a  semilogarithmic  plot  of  intensity  vs.  depth 
keeps  decreasing,  as  in  Fig.  1-66,  instead  of  remaining  constant  as  in 
Fig.  1-46.  The  slope  approaches  progressively  the  value  corresponding 
to  the  most  penetrating  component  of  the  incident  beam. 

These  considerations  apply  to  the  penetration  determined  under  the 
"narrow  beam"  conditions. 

4-3c.  Scattered  and  Secondary  X  Rays.     The  "narrow  beam"  condi- 
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tions  of  X-ray  attenuation  obtain  only  in  special  experimental  arrange- 
ments. Under  conditions  of  practical  interest,  such  as  in  the  penetration 
of  protective  barriers  or  a  patient's  body,  most  of  the  scattered  X  rays 
travel  on  mixed  with  the  incident  beam.  The  intensity  of  this  radiation 
must  therefore  be  added  to  the  unaltered  fraction  of  the  intensity  of  the 
incident  beam  at  any  point  within  or  beyond  an  absorber. 
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Fig.  1-66.  Narrow-beam  absorption  curve  in  copper  for  non-monochromatic  X  rays 
from  a  tube  operated  at  120  kv.      (Courtesy  F.  H.  Day.) 


Besides  the  scattered  X  rays  there  must  also  be  considered  the  second- 
ary X  rays  which  radiate  away  from  an  atom  by  "fluorescence"  (see 
Sect.  2-3),  following  the  photoelectric  absorption  of  an  X-ray  photon. 
Table  1-10  gives  data  on  the  "fluorescence  yield"  of  various  elements, 

Table  1-10.  Fluorescence  Yields  in  the  K  Series 
(Compton  and  Allison,  1935,  p.  489) 


ement 

Yield 

Element 

Yield 

0 

0.082 

Ni 

0.35 

Ne 

0.083 

Cu 

0.40 

Mg 

0.013 

Zn 

0.46 

Si 

0.038 

Se 

0.59 

S 

0.083 

Br 

0.59 

CI 

0.108 

Sr 

0.62 

A 

0.149 

Mo 

0.73 

Ca 

0.150 

Ag 

0.75 

Cr 

0.263 

I 

0.75 

Fe 

0.29 

Xe 

0.70 

i.e.,  on  the  probability  that  the  photoelectric  absorption  of  a  photon  will 
be  followed  by  the  emission  of  another  photon  of  characteristic  energy. 

Scattered  and  secondary  X  rays  accumulate  to  an  increasing  extent  as 
the  penetration  proceeds  to  deeper  and  deeper  layers  of  a  material. 
(Notice,  however,  that  these  X  rays  have  lower  energy  photons  and 
therefore  are  generally  "softer"  than  the  incident,  or  "primary,"  X  rays.) 
Therefore  the  semilogarithmic  plot  of  the  intensity  transmitted  through 
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a  layer  of  material  vs.  the  thickness  of  the  layer  no  longer  follows  a 
straight  line,  as  it  does  for  monochromatic  X  rays  under  narrow  beam 
conditions.  The  total  intensity  follows  the  downward  concave  trend 
indicated  in  Fig.  1-67. 
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Fig.  1-67.  Narrow-beam  and  broad-beam  absorption  curves  in  concrete  for  X  rays 
from  a  tube  operated  at  800  kv  with  heavy  filtration.  Notice  the  build-up  of  sec- 
ondary X  rays  under  broad-beam  conditions.  {Courtesy  R.  J.  Kennedy  and  H.  0. 
Wyckoff.) 

Notice  that  the  curve  which  includes  the  scattered  radiation  does  not 
coincide  with  the  ''narrow-beam"  curve  even  at  "zero  depth"  of  pene- 
tration. The  excess  radiation  at  the  surface  consists  of  backscattered 
X  rays  which  are  flowing  out  of  the  entrance  surface. 

The  downward  concavity  may  be  compensated  for  or  even  over- 
compensated  for  by  the  upward  concavity  due  to  nonmonochromaticity 
of  the  incident  beam  (see  Fig.  1-66).  Presumably,  many  experimental 
attenuation  plots  which  appear  to  follow  a  straight  line  indicate  approxi- 
mate cancellation  of  the  effects  of  non-monochromaticity  and  of  scattered 
X  rays  rather  than  good  monochromaticity  and  adequate  narrow  beam 
conditions. 

The  ratio  of  the  intensity  actually  observed  to  the  intensity  expected 
from  the  incident  radiation  alone  is  called  the  "build-up  factor."  The 
scattered  radiation  builds  up  to  a  very  high  level  particularly  for  high 
primary  energies  and  in  "light"  materials,  in  which  a  photon  frequently 
undergoes  10  or  more  Compton  scatterings  before  eventual  absorption 
by  photoelectric  effect.  A  high  build-up  of  X  rays  of  lower  energy  than 
the  primaries  also  takes  place  at  the  tail  end  of  cascade  showers,  as  men- 
tioned in  Sect.  4-2c. 
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Calculations  of  the  build-up  factor  are  rather  laborious  and  are  possible 
at  present  only  in  simple  geometrical  arrangements.     Figure  1-68  shows 


40 


cc    30 
o 

H 
O 
< 


CL 

I 

Q 

_J 

3 
CD 


7 

/ 

/ 

A 

20 


10 


0, 


0  80  160  240 

DISTANCE    FROM    SOURCE,  cm 
Fig.  1-68.   Build-up  of  secondary  radiation  at  increasing  distances  from  a  Co*"  7-ray 
source  in  water.      (Spencer  and  Fano,  1951.) 


how  scattered  X  rays  build  up  in  a  particularly  simple  experiment.  The 
continued  increase  of  the  build-up  factor  is  supported  by  scattered  com- 
ponents which  have  been  deflected  by  a  very  small  angle  and  therefore 
have  nearly  the  same  energy  and  are  almost  as  ''hard"  as  the  primary 
X  rays. 

The  travel  of  scattered  X  rays  sidew^ise  beyond  the  original  boundaries 
of  a  beam  presents  particular  interest  for  medical  radiology  (see  Fig. 
1-48).  Fairly  extensive  data  on  this  subject  have  been  obtained  experi- 
mentally; see,  for  example,  Glasser  et  al.  (1944),  Chap.  12. 

4-3d.  Energy  Distribution.  Assuming  that  the  intensity  and  the  spectrum  of 
the  X  rays  flowing  at  various  points  within  a  material  are  known,  there  remains 
the  problem  of  finding  where  the  X-ray  energy  is  dissipated. 

The  first  step  in  solving  this  problem  is  to  calculate  how  much  energy  is  trans- 
ferred from  the  X  rays  to  the  material  at  each  point.  The  transfer  includes  the 
whole  energy  of  the  photons  that  are  absorbed  photoelectrically  or  by  pair  pro- 
duction and  a  fraction  of  the  energy  of  Compton  scattered  photons.  This 
fraction,  f{hv),  depends  on  the  photon  energy  hv.  Therefore  the  absorption 
coefficient  adjusted  to  reckon  the  actual  energy  transfer  equals 


titr 


y-ph    +  Mpair    +  j{hv)lXs 


(44) 


To  be  accurate,  the  energy  absorption  by  photoelectric  effect  must  also  be  dis- 
counted-by  a  suitable  factor,  g{hv),  to  take  into  account  the  energy  fraction  that 
returns  to  X  rays  locally  by  fluorescence.     Therefore  Eq.  (44)  should  actually 
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Figure  1-69  gives  some  data  on  the  values  of  the  factors/  and  g. 
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Fig.  1-69.  Fraction  of  the  energy  of  incident  X  rays  which  is  actually  absorbed  in  the 
photoelectric  effect  on  the  K  shell   (curves  g)  or  in  the  Compton  effect  (curve  /). 
{Courtesy  G.  R.  White.) 

The  adjusted  absorption  coefficient  must  be  multiplied  by  the  intensity  I{hv) 
(energy  flow  per  unit  area  per  unit  time)  of  the  X  rays  with  photon  energy  hv 
to  obtain  the  rate  of  energy  transferred  by  these  X  rays  per  unit  volume  of  space 
pel'  unit  time. 

iitr{hv)I{hv)  (45) 

Finally,  the  energy  transfers  by  all  spectral  components  with  different  photon 
energies  must  be  added.  The  result  expresses  the  energy  transfer  per  unit 
volume  or  per  unit  mass  of  material  depending  on  whether  /x  indicates  the  linear 
or  the  mass  absorption  coefficient. 

Wlien  this  step  of  calculation  is  completed,  consideration  must  be  given  to 
where  the  energy  transferred  to  matter  is  eventually  dissipated  into  chemical 
activations.  This  problem  does  not  offer  difficulty  in  the  case  of  lower  energy 
X  rays,  e.g.,  below  100  kev.  The  secondary  electrons  generated  by  these  X  rays 
have  a  very  short  range,  namely  a  minute  fraction  of  a  millimeter  in  any  non- 
gaseous material.  Therefore,  in  practice,  it  may  be  considered  that  these  elec- 
trons dissipate  their  energy  at  the  very  place  where  they  received  it.  In  other 
words,  the  distribution  in  space  of  the  eventual  energy  dissipation  parallels  very 
closely  the  distribution  of  the  energy  transfer  from  X  rays  to  matter. 

This  parallelism  holds  in  so  far  as  the  distribution  of  the  energy  transfer  varies 
but  little  over  the  range  of  distances  traveled  by  electrons.  The  travel  of  elec- 
trons all  around  from  their  points  of  origin  tends  to  smooth  out  sharp  variations  in 
the  distribution  of  energy  transfers. 

As  the  X-ray  energy  increases,  the  range  of  the  electrons  produced  increases 
rapidly.  The  surface  of  any  material  is  one  of  the  first  places  where  the  dis- 
crepancy between  the  distribution  of  energy  dissipation  and  the  distribution  of 
energy  transfer  becomes  apparent.  Consider,  for  example,  the  skin  surface  of  a 
patient  exposed  to  a  beam  of  X  rays.  The  density  of  energy  transfer  jumps 
suddenly  from  a  very  low  value  in  the  air  just  outside  the  surface  to  a  much 


PRINCIPLES    OF    RADIOLOGICAL    PHYSICS 


111 


higher  value  in  the  tissue  just  inside  the  surface.  The  flow  of  electrons  propelled 
by  the  X  rays  varies  rapidly  near  the  surface,  without  any  sudden  jump.  There- 
fore the  density  of  energy  dissipation  does  not  vary  in  proportion  to  the  density 
of  energy  transfer.  Since  the  flow  of  electrons  is  lower  near  the  skin  surface 
than  farther  in,  the  energy  dissipation  also  remains  abnormally  low  throughout  a 
layer  of  tissue  comparable  to  the  range  of  the  electrons. 

Thus  the  energy  dissipation  rises  from  a  low  level  at  the  surface  to  a  higher 
level  farther  in,  which  tends  to  equal  the  level  of  energy  transfer  from  the  X  rays 
to  the  material.     Figure  1-70  illustrates  this  "transition  effect"  near  the  surface. 
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Fig.  1-70.  Qualitative  plot  of  the  energy  dissipated  by  a  beam  of  X  rays  at  increas- 
ing depths  within  a  material. 

When  the  distribution  of  energy  dissipation  becomes  parallel  to  the  distribution 
of  energy  transfer,  we  say  that  "electronic  equilibrium"  has  been  achieved. 
This  equilibrium  is  maintained  in  deeper  layers  of  the  material  where  the  energy 
dissipation  decreases  in  proportion  to  the  attenuation  of  the  X-ray  flow. 

The  attainment  of  electronic  equilibrium  proceeds  more  and  more  slowly  for 
higher  and  higher  energies  of  the  X  rays.  The  range  of  the  electrons  propelled 
by  the  X  rays  increases  rapidly  and  eventually  becomes  comparable  to  the  own 
range  of  penetration  of  the  X  rays  (see  Fig.  1-71).     Moreover,  the  electrons  flow 
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Fig.  1-71.   " Relative  range  "  of  electrons  and  photons  of  equal  energy,  in  water,  as 
a  function  of  the  energy.     The  quantity  plotted  is  the  product  of  the  narrow-beam 
absorption  coefficient  of  the  X  rays  (which  may  be  regarded  as  the  reciprocal  of  a 
"range")  and  of  the  "true"  range  of  electrons.      {Courtesy  G.  R.  White.) 


to  an  increasing  extent  in  the  same  direction  as  the  X  rays.  Eventually  no  form 
of  electronic  equilibrium  remains  possible  at  the  highest  energies  when  the  cascade 
shower  mechanism  becomes  effective. 
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Figure  1-72  gives  data  on  the  energy  dissipation  as  a  function  of  depth  for 
X-ray  beams  of  various  energies  penetrating  various  materials.  As  the  energy 
increases  the  curves  take  progressively  the  appearance  of  the  curves  of  energy 
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Fig.   1-72.  Energy  dissipation  at  various  depths  within  a  Presdwood  phantom  by 
X-ray  beams  of  a  betatron  operated  at  different  energies.      {Charleton  and  Breed, 
1948.) 

dissipation  by  cascade  showers  in  Fig.  1-58.  In  fact,  a  shower  develops  essen- 
tially in  the  same  way  whether  it  is  initiated  by  an  X-ray  photon  or  by  an  electron 
of  equal  energy. 
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Fig.  1-73.  Energy  dissipation  in  various  portions  of  the  X-ray  beam  from  a  20-Mev 
betatron  as  it  passes  through  a  Presdwood  phantom.     The  beam  has  been  passed 
through  a  compensating  filter  which  sharpens  its  edges.      {Adams  et  al.,  1948.) 

The  travel  of  electrons  contributes  also  to  the  distribution  of  energy  sidewise 
from  an  X-ray  beam.  Figure  1-73  gives  some  illustrative  maps  of  the  energy  dis- 
sipation prcxluced  by  beams  of  high-energy  X  rays. 
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It  should  be  remembered,  of  course,  that  all  the  preceding  considerations  on 
energy  dissipation  pertain  to  the  average  energy  dissipated  within  sizable  portions 
of  matter.     Microscopically,  the  energy  is  distributed  along  the  tracks  of  elec- 
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Fig.  1-74.   Cloud-chamber  picture  of  the  effects  of  an  X-ray  beam  in  air.      {Gentner 
et  al.,  1940.) 

trons.     Cloud-chamber  pictures  of  the  ionizations  produced  by  an  X-ray  beam 
in  a  gas  (see  Fig.  1-74)  illustrate  this  point  clearly. 

Systematic  collections  of  data  on  the  energy  distribution  are  not  available. 


4-4.  NEUTRONS 

The  penetration  of  neutrons  may  be  discussed  along  the  same  general 
lines  as  the  penetration  of  X  rays,  since  neutrons,  like  X  rays,  interact 
with  matter  through  comparatively  few  successive  elementary  processes 
at  fairly  widely  separated  points.  Quantitative  information  on  the 
elementary  processes  caused  by  neutrons  is  less  adequate  than  the  corre- 
sponding information  for  X  rays.  On  the  other  hand  the  study  of  the 
flow  of  neutrons  through  complicated  masses  of  matter  has  received  a 
great  deal  of  attention,  mostly  on  account  of  its  applications  to  the  design 
of  nuclear  reactors. 

Neutron  penetration  is  limited  by  collisions  with  nuclei  (see  Sect.  2-5). 
Neutrons  usually  lose  some  of  their  energy  in  a  collision,  but  outright 
capture   is   comparatively  infrequent.     Final   capture   may  take   place 
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eventually  onl.y  after  hundreds  of  collisions.  As  indicated  in  Sect.  2-5, 
the  (n,n)  type  of  reaction,  in  which  neutron  capture  is  followed  by  the 
release  of  a  low-energy  neutron,  is  quite  common  in  "heavy"  materials 
and  has  the  same  effect  as  an  inelastic  scattering.  On  the  whole,  scatter- 
ing constitutes  the  most  important  process  in  the  passage  of  neutrons 
through  matter  under  most  conditions.  Therefore  the  flow  of  neutrons 
takes  primarily  the  character  of  a  diffusion  phenomenon. 

4-4a.  Narrow-beam  Penetration.  The  attenuation  of  a  narrow  beam 
may  be  regarded  as  a  basic  phenomenon  for  neutrons  as  well  as  for  X  rays, 
even  though  it  is  perhaps  less  characteristic  for  neutron  than  for  X-ray 
penetration. 

If  the  neutrons  are  monoenergetic,  the  attenuation  follows  the  law  of 
Eq.  (40): 

Nix)  =  N{Q)e->^-  (46) 

Here  N{x)  indicates  the  neutron  flux  (particles  per  unit  area  per  unit  time) 
after  traversing  a  thickness  x  of  material,  and  ju  is  the  absorption  coefficient  for 
neutrons  of  the  given  energy. 

The  absorption  coefficient  represents  the  probability  of  collision  of  a  neutron 
per  unit  track  length  in  the  material.  If  the  collisions  are  subdivided  according 
to  their  end  effect,  the  absorption  coefficient  is  regarded  as  the  sum  of  components 
corresponding  to  the  probability  of  the  various  end  effects.  [Compare  with  the 
analogous  subdivision  of  ^  for  X  rays  in  Eq.  (41).]  However,  comparatively 
little  detailed  information  is  on  hand  regarding  these  various  probabilities  (see, 
for  example,  Way  et  al.,  1950;  Adair^  1950). 

The  absorption  coefficient  shows  a  general  trend  to  increase  as  the  neutron 
energy  decreases.  At  lower  energies  the  plots  of  n  vs.  energy  for  "medium"  or 
"heavy"  materials  generally  show  a  series  of  sharp  peaks  corresponding  to  the 
"resonance  effect"  mentioned  in  Sect.  2-5. 

Figure  1-75  shows  typical  data  on  the  values  of  n  for  two  chemical  elements  and 
gives  references  to  complete  sources  of  data. 

The  order  of  magnitude  of  jjl  for  high-energy  neutrons  relates  simply  to  the  size 
of  atomic  nuclei  and  to  the  density  of  nuclei  in  a  material,  owing  to  the  elementary 
consideration  that  a  collision  results  whenever  a  nucleus  intercepts  the  path  of  a 
neutron.  This  argument  indicates  that  a  neutron  should  travel  without  col- 
lisions, on  the  average,  for  a  distance  of  the  order  of  centimeters  in  nongaseous 
materials.  Accordingly,  the  value  of  /x  should  be  in  the  general  range  just  below 
1  cm~i  or  1  cmVg  (see  Fig.  1-75). 

This  argument  is  not  serviceable  in  estimating  the  collision  frequency  of  lower 
energy  neutrons.  The  basic  experiments  of  atomic  physics  show  that  a  beam  of 
atomic  particles  behaves  unlike  a  stream  of  bullets  in  that  the  particles  do  not 
appear  to  follow  sharply  defined  tracks.  In  fact,  the  values  of  the  absorption 
coefficient  ju  often  rise  far  above  the  estimate  indicated  above,  as  shown,  for 
example,  in  Fig.  l-75c. 

The  trend  of  variation  of  n  for  very  low  energies  is  inversely  proportional  to  the 
neutron  velocity.     This  trend  sets  in  at  higher  energies  in  light  materials,  Uke 
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lithium  and  boron,  in  which  an  {n,a)  reaction  proceeds  without  difficulty  (see 
Sect.  2-1  d). 

The  chances  of  neutron  collision  with  the  nuclei  of  adjacent  atoms  are  quite 
independent,  except  at  energies  well  below  1  ev,  where  diffraction  effects  take 
place  in  crystals  and,  to  some  extent,  in  noncrystalline  materials.     Therefore  the 
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Fig.    1-75.   Narrow-beam  absorption  cross  sections  of  carbon   (a)  and  (6)  and  cad- 
mium (c)  for  neutrons  of  various  energies.      (Adair,  1950.) 

absorption  coefficient  for  any  material  is  found  by  combining  the  coefficients  for 
its  constituent  elements  as  is  done  for  X  rays  according  to  Eq.  (43) : 


M 


PiMi  +  P2M2  + 


In  fact,  the  absorption  coefficient  may  be  analyzed  in  greater  detail  by  considering 
separately  the  probability  of  collision  with  the  nuclei  of  different  isotopes  of  each 
element.  However,  most  data  are  available  only  for  the  naturally  occurring 
mixture  of  isotopes  of  each  element  rather  than  for  separate  isotopes. 

A  beam  containing  neutrons  of  different  energies  penetrates  under  narrow- 
beam  conditions  according  to  the  same  pattern  as  a  non-monochromatic  beam  of 
X  rays  (see  Sect.  4-3b).     The  slower  neutrons  are  removed  from  the  beam  first 
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because  of  their  higher  absorption  coefficient.  Therefore  the  average  energy  of 
narrow-beam  neutrons  transmitted  by  an  absorbing  layer  of  matter  is  an  increas- 
ing function  of  the  layer  thickness. 

4-4b.  Scattered  and  Secondary  Neutrons.  The  accumulation  of  scat- 
tered neutrons  in  a  material  influences  the  over-all  penetration  even  more 
than  the  accumulation  of  scattered  X  rays  because  the  neutrons  survive 
a  much  larger  number  of  scattering  processes.  Secondary  neutrons  are 
not  formed  very  frequently  except  under  conditions  in  which  (n,2n)  proc- 
esses are  favored  or  in  the  presence  of  uranium  or  other  fissionable  mate- 
rials (see  Sect.  l-2d). 

Since  neutrons  are  scattered  in  all  directions  more  evenly  than  high- 
energy  X  rays,  scattered  neutrons  accumulate  to  a  far  greater  extent  near 
the  place  where  they  first  enter  a  material  or  where  they  originate.  Back- 
scattering  of  neutrons  from  the  surface  of  a  thick  layer  of  material  is  ciuite 
important  and  may  approach  100  per  cent.  The  trend  of  the  build-up 
factor  at  great  depths  in  a  material  depends  on  the  same  considerations  as 
in  the  case  of  X  rays  (see  Sect.  4-3b). 

The  mathematical  methods  which  have  been  developed  to  calculate 
the  distribution  and  diffusion  of  neutrons  have  been  described  in  the 
literature,  for  example,  by  Marshak  et  al.  (1949).  The  results  of  many 
detailed  applications  are  presumably  still  withheld  for  security  reasons. 

As  indicated  above,  the  degree  of  accumulation  of  scattered  neutrons, 
i.e.,  the  value  of  the  build-up  factor,  depends  on  the  duration  of  survival 
of  a  neutron  before  eventual  capture.  The  probability  of  outright  cap- 
ture varies  very  greatl}'  from  one  material  to  another.  Therefore  the 
presence  of  traces  of  highly  capturing  elements  may  have  a  great  influence 
on  the  neutron  propagation  through  a  material.     Table  1-11  gives  data 

Table  1-11.  Capture  Component  of  the  Narrow-beam  Absorption  Coefficients 

FOR  0.025-ev  Neutrons 
(For  complete  data  see  Way  et  al.,  1950) 


Element 

H 

He 

Li 

Be 

B 

c 

N 

0 

F 

Mc,  cmVg 

0.18 

0 

5.8 

O.OOG 

39.8 

0.00025 

0.077 

< 0.00004 

< 0.0003 

on  the  contribution  of  outright  capture  to  the  absorption  coefficients  of  a 
few  elements. 

4-4c.  Energy  Distribution.  Much  of  the  energy  released  by  neutrons  within  a 
material  is  dissipated  by  heavy  charged  particles.  The  tracks  of  these  particles 
are  quite  short  in  nongaseous  materials,  less  than  1  mm  except  when  the  neutron 
energy  exceeds  10  Mev  and  still  shorter  at  lower  energies.  Therefore  many  of 
the  complications  which  influence  the  spatial  distribution  of  X-ray  energy  have 
little  influence  in  the  case  of  neutrons.  The  eventual  distribution  in  space  of 
neutron  energy  parallels  rather  closely  the  distribution  of  the  energy  transfers 
from  the  neutrons  to  heavy  charged  particles,  except  for  the  effect  of  the  second- 
ary 7  rays,  which  will  be  discussed  separately. 
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To  calculate  the  distribution  of  energy  transfers  from  neutrons  to  heavy 
charged  particles,  we  must  proceed,  in  essence,  as  we  did  for  the  X  rays  in  Eqs. 
(44)  and  (45).  One  must  multiply  the  probability  of  collision  per  unit  length  of 
path  by  the  average  kinetic  energy  T  imparted  to  heavy  charged  particles  in  each 
collision.  To  calculate  T,  one  should  break  down  the  value  of  n  into  components 
jia,  /Xfc,  .  .  .  ,  corresponding  to  the  various  possible  types  of  collision,  a,b,c,  .  .  .  , 
then  evaluate  T  for  each  type  of  collision  separately,  and  finally  add  again: 


IjlT   =  fiaTa  +  flbTb  +  fx/fc  + 


(47) 


Data  for  this  detailed  analysis  are  often  inadequate,  and  we  must  resort  to  crude 
estimates.  In  the  simple  case  of  collisions  with  the  nuclei  of  ordinary  hydrogen 
(protons),  T  equals  one-half  the  energy  of  the  incident  neutrons. 

The  rate  of  energy  transfer  to  heavy  charged  particles  per  unit  volume  and  per 
unit  time  equals  the  product  of  ju'T  and  of  the  neutron  flux  at  the  point  of  interest: 


nTN(x) 


(48) 


Since  fi.  and  T  depend  on  the  energy  of  the  neutrons,  the  fluxes  of  neutrons  of 
different  energies  must  be  considered  separately.  The  contributions  of  the  cor- 
responding energy  transfers  are  then  added.  The  result  expresses  the  energy 
transfer  per  unit  volume  or  per  unit  mass  of  material,  depending  on  whether  ^ 
represents  the  linear  or  the  mass  absorp- 
tion coefficient. 

A  considerable  amount  of  y  radiation 
originates  from  the  nuclei  of  a  material 
as  a  result  of  neutron  collisions.  The 
eventual  capture  of  a  neutron  by  a  nu- 
cleus of  medium  or  high  atomic  weight 
takes  usually  the  form  of  an  {n,y)  reac- 
tion. The  (n,7)  capture  is  normal  in 
hydrogen  and  yields  a  photon  of  2.23 
Mev.  Gamma  rays  also  follow  the  in- 
elastic {n,n)  processes. 

Detailed  data  on  the  intensity  and  the 
spectrum  of  these  7  rays  are  still  quite 
scarce.  Figure  1-76  gives  some  data  on 
this  subject. 

The  7  rays  produced  by  neutron  cap- 
ture are,  as  a  rule,  as  penetrating  as,  or 
more  penetrating  than,  the  neutrons 
themselves.     Therefore  the  distribution 

in  space  of  the  energy  dissipated  by  these  7  rays  does  not  parallel  closely  the  dis- 
tribution of  the  nuclei  from  which  the  7  rays  originate.  This  can  be  done  in 
the  same  way  as  the  calculation  of  the  neutron  production  of  heavy  charged 
particles.  Then  the  7-ray  penetration  away  from  the  7-ray  source  is  treated 
as  an  entirely  separate  problem,  by  the  methods  discussed  under  the  heading 
of  X-ray  penetration. 

The  (8  rays  emitted  by  the  radioactive  nuclei  which  result  from  neutron  col- 
lisions have  energies  of  the  order  of  1  Mev.     Therefore  the  /3  rays  travel  much 
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Fig.  1-76.  Sketch  of  the  energy  spectra 
of  the  7  rays  emitted  from  aluminum 
and    iron   following   the   captvire   of   a 
neutron.      {Hamermesh,  1950.) 
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farther  than  the  heavy  charged  particles  which  are  the  main  by-product  of 
neutron  colhsions.  The  jS  rays  follow  the  direct  action  of  neutrons  with  very 
considerable  delay;  delays  of  days  or  years  are  not  uncommon. 

The  distribution  in  space  of  the  energy  dissipation  by  /3  rays  does  not  quite 
parallel  the  distribution  of  the  points  of  direct  action  of  neutrons  because  of  the 
appreciable  range  of  the  electrons.  The  situation  resembles  that  of  energy  dis- 
sipation by  high-energy  electrons  arising  from  the  action  of  X  rays.  However, 
the  direction  of  the  rays  does  not  bear  any  relation  to  the  direction  of  arrival  of 
the  neutrons.  The  distribution  of  the  |8-ray  energies  should  be  studied  as  a 
problem  of  electron  penetration  starting  from  a  knowledge  of  the  distribution  of 
the  jS-ray-emitting  nuclei. 

4-5.  LIGHT 

Light  penetration  in  homogeneous  media  is  limited  by  outright  absorp- 
tion. Therefore  the  light  intensity  decreases  in  the  course  of  penetration, 
like  the  penetration  of  X  rays,  when  only  the  photoelectric  effect  is 
important,  i.e.,  according  to  the  simple  exponential  law  of  Eq.  (40), 

I(x)  =  7(0)6^"- 

The  absorption  coefficient  for  light  varies  greatly  as  a  function  of  the 
frequency  and  from  one  substance  to  another.  A  general  discussion  of 
the  absorption  of  light  was  given  in  Sect.  2-3.  The  absorption  is  exceed- 
ingly high  in  metals  owing  to  energy  dissipation  by  free  electrons. 

Catalogues  of  data  on  the  absorption  coefficients  of  homogeneous 
chemical  substances  are  given  in  the  International  Critical  Tables  (1929). 

The  mass  absorption  coefficient  of  a  homogeneous  mixture  of  substances  is 
obtained  by  combining  the  coefficients  of  the  component  substances  Nos.  1,  2, 
.  .  .  according  to  the  composition  by  weight  of  the  substance,  as  in  Eq.  (43) : 

H  =  pifjLi  +  P-tJi-2  +   •  •  • 

In  calculating  the  light  penetration  in  a  material  we  should  take  into  account,  of 
course,  the  surface  reflectivity  of  the  material. 

The  penetration  in  nonhomogeneous  materials  presents  a  more  complicated 
prol)lem.  The  effect  of  macroscopic  inhomogeneities,  such  as  a  1-mm  air 
bubble  suspended  in  water,  constitutes  a  standard  problem  of  optics.  Micro- 
scopic inhomogeneities,  in  which  the  properties  of  the  medium  vary  considerably 
over  distances  of  the  general  order  of  magnitude  of  the  fight  wave  length  (0.1  to 
1  ju)  ])roduce  a  scattering  of  fight. 

To  understand  how  scattering  arises,  we  may  consider,  in  the  first  place,  the 
simple  propagation  of  light  through  a  homogeneous  medium.  As  mentioned  in 
Sect.  2-3,  electromagnetic  radiation  exerts  an  oscillating  disturbance  on  atomic 
electrons  and  thus  induces  oscillating  currents  within  atoms  and  molecules. 
These  currents  constitute  the  source  of  new  disturbances  which  tend  to  propagate 
away  in  all  directions  in  the  form  of  scattered  radiation. 

When  atoms  are  distributed  uniformly  over  a  large  region  of  space,  the  dis- 
tm-bances  scattered  by  different  atoms  in  any  one  direction  neutralize  each  other 
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exactly,  except  in  the  very  direction  of  the  incident  radiation.  The  disturbances 
radiated  by  the  atoms  in  the  direction  of  incidence  add  up  and  combine  with  the 
incident  radiation  to  form  a  single,  smoothly  propagating,  beam.  However,  the 
characteristics  of  propagation  of  this  beam  de])end  on  the  intensity  of  the  currents 
induced  in  the  atoms,  which  tliereby  determine  tlie  macroscopic  optical  i^roperties 
of  the  material. 

When  the  atoms  are  not  distributed  uniformly,  the  disturbances  scattered  by 
the  atoms  in  any  odd  direction  no  longer  neutralize  each  other  exactly.  A 
macroscopic  net  scattering  arises  in  this  way.  This  scattering  can  be  observed 
directly,  for  example,  from  a  colloidal  suspension,  if  it  is  moderately  weak  (Tyn- 
dall  effect) .     If  the  scattering  is  too  intense  the  medium  appears  "turbid." 

Light  which  enters  a  turbid  medium  diffuses  all  about,  by  repeated  scattering, 
until  it  escapes  from  a  surface  of  the  medium  or  is  eventually  absorbed. 

5.   KINETICS  OF  RADIATION  ACTION 

5-1.  INTRODUCTION 

As  mentioned  earlier,  our  understanding  of  the  action  of  radiation  on 
matter  is  fairly  satisfactory  only  up  to  the  production  of  activations  in 
single  atoms  or  molecules.  Most  of  the  observable  effects  of  radiation 
follow  the  initial  molecular  actions,  probably  through  a  complex  sequence 
of  events  which  involve  a  large  number  of  atoms.  These  effects  may 
appear  to  us  as  chemical  or  biological  phenomena.  We  refer  to  them 
loosely  as  "macroscopic  effects"  in  contrast  with  the  initial  molecular 
effects. 

Some  general  inferences  regarding  the  unknown  mechanisms  leading  to 
the  eventual  macroscopic  effects  may  be  drawn  from  the  dependence  of 
these  effects  upon  the  physical  characteristics — quantity  and  quality — of 
a  radiation  treatment.  Analogy  with  the  indirect  study  of  the  reaction 
mechanisms  in  physical  chemistry  suggests  the  name  of  "kinetics"  for 
the  study  of  the  manner  of  variation  of  macroscopic  effects  as  a  function 
of  the  characteristics  of  a  radiation  treatment.  The  principles  of  the 
kinetics  of  radiation  action  are  reviewed  in  the  following  sections. 

Much  emphasis  has  been  laid  on  studies  of  this  kind  and  therefore  it  is 
of  some  importance  to  assess  their  significance  correctly.  The  general 
inferences  which  can  be  drawn  from  the  kinetics  of  radiation  effects  are 
often  straightforward  and  well  grounded.  If,  however,  an  attempt  is 
made  to  draw  detailed  conclusions,  elaborate  hypothetical  working 
models  of  uncertain  significance  must  be  relied  upon. 

The  examples  that  illustrate  the  following  discussion  are  drawai  mostly 
from  radiobiology,  but  chemical  examples  would  be  equally  pertinent. 
The  chemical  systems,  such  as  a  solution  of  ferrous  sulfate,  on  which  the 
action  of  radiations  has  been  tested  have  a  far  simpler  and  better  known 
constitution  than  biological  systems.  Nevertheless,  there  is  limited  posi- 
tive knowledge  regarding  the  mechanisms  of  radiochemical  reactions 
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and  studies  of  kinetics  provide  much  of  the  available  evidence.  Even 
the  understanding  of  many  macroscopic  physical  effects,  such  as  the 
induced  emission  of  light  by  phosphorescent  materials,  is  still  rather 
tentative. 

As  a  preliminary  approach  we  consider  here  briefly  how  the  magnitude 
of  radiation  treatments  and  of  their  macroscopic  effects  are  expressed. 

5-la.  Radiation  Dose.  The  main  quantitative  characteristic  of  a 
radiation  treatment  is,  of  course,  the  amount  of  radiation  received  by  the 
treated  material.  This  amount  is  indicated  loosely  as  the  "dose."  The 
concept  of  dose  relates  to  the  amount  of  action  actually  produced  within 
a  material  rather  than  to  the  mere  passage  of  radiation  through  the 
material. 

It  would  be  desirable  to  express  the  dose  in  such  a  way  that  the  simple 
indication  of  the  dose  of  a  treatment  gives  an  adecjuate  indication  of  its 
biological  effectiveness,  without  any  need  for  a  detailed  specification  of 
the  kind  of  radiation  employed.  This  goal  can  be  achieved  at  least  for  a 
broad  range  of  X-ray  qualities  (see  Sect.  5-5)  but  certainly  not  for  all 
ionizing  radiations.  Failing  this  possibility,  it  appears  convenient  to 
express  the  dose  by  some  quantitative  index  of  the  initial  physical  action 
of  radiation  on  a  material,  which  may  serve  as  an  unequivocal  standard 
of  reference.  The  6th  International  Congress  of  Radiology  recommended 
in  1950  that  the  dose  should  be  expressed,  in  principle,  in  terms  of  energy 
dissipation:  "For  the  correlation  of  the  dose  of  an  ionizing  radiation  with 
its  biological  or  related  effects  the  International  Commission  on  Radio- 
logical Units  recommends  that  the  dose  be  expressed  in  terms  of  the 
quantity  of  energy  absorbed  per  unit  mass  (ergs  per  gram)  of  irradiated 
material  at  the  place  of  interest." 

This  recommendation  does  not  exclude  other  methods  of  expressing 
the  dose,  but  care  should  be  taken  to  avoid  misunderstanding. 

For  example,  the  1950  recommendation  does  not  supersede  the  pre- 
viously established  practice  of  expressing  doses  in  terms  of  the  ionization 
produced  in  a  standard  material,  namely,  air.  This  practice  is  quite 
normal  for  X  rays  of  low  and  moderate  energies  (up  to  a  few  million 
electron  volts),  whose  dose  is  currently  expressed  in  roentgen  units. 

The  definition  of  the  roentgen  accepted  by  the  5th  International 
Congress  of  Radiology  in  1937  relies  on  the  following  principle:  The 
energy  of  all  electrons  released  in  a  certain  mass  of  air,  by  photoelectric 
effect,  Compton  scattering,  or  pair  production,  serves  as  an  index  of  the 
dose  of  X  or  7  rays.  This  quantity  of  energy  is  characterized,  in  turn,  by 
the  amount  of  ionization  which  the  electrons  produce.  "The  roentgen 
shall  be  the  quantity  of  X  or  7  radiation  such  that  the  associated  cor- 
puscular emission  per  0.001293  g  of  air  produces,  in  air,  ions  carrying  1 
electrostatic  unit  of  cjuantity  of  either  sign." 

The  use  of  the  roentgen  will  probably  persist  in  the  field  of  X  and  7 
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rays,  for  which  this  unit  was  designed  and  for  which  measuring  tech- 
niques are  highly  developed,  but  attempts  to  extend  the  application  of  the 
roentgen  to  other  ionizing  radiations  are  likely  to  subside.  On  the  other 
hand,  measurements  of  ionization  in  air  may  well  remain  a  most  impor- 
tant method  for  the  indirect  measurement  of  energy  dissipation  (see 
Fano  and  Taylor,  1950). 

The  X-ray  dose,  expressed  in  roentgens,  and  the  energy  dissipation 
per  gram  of  a  material  are  related  in  a  simple  manner  if  the  material  is 
homogeneous  and  the  X-ray  energy  is  low  or  moderate.  For  example, 
the  energy  dissipation  in  a  mass  of  soft  tissue  exposed  to  X  rays  of  a  few 
hundred  thousand  electron  volts  amounts  to  approximately  93  ergs/gram 
per  roentgen. 

Under  more  complicated  conditions,  the  conversion  of  the  value  of  the 
dose  from  roentgens  to  energy  units  offers  some  difficulty.  The  X-ray 
dose  in  roentgens  at  a  point  depends  only  on  the  flow  of  X  rays  at  that 
point  and  on  the  properties  of  a  standard  reference  material  (air).  The 
energy  dissipation  depends  on  the  properties  of  the  material  actually 
present  at  that  point  and  in  the  surrounding  space  as  well.  The  methods 
for  calculating  the  energy  dissipation  in  a  material  have  been  outlined  in 
earlier  sections. 

The  techniques  for  measuring  radiation  doses  are  discussed  in  Chap.  2. 

5-lb.  Methods  of  Expressing  Macroscopic  Effects.  In  order  to  establish 
and  analyze  quantitative  relationships  between  the  macroscopic  effects  of 
radiation  and  the  quantity  and  quality  of  the  radiation,  some  meaningful 
quantitative  index  of  the  effect  under  consideration  must  be  adopted. 

Among  the  characteristics  of  biological  systems  which  are  subject  to 
quantitative  measurement  are  the  sizes  and  masses  of  organisms  or  of 
their  various  parts,  the  duration  of  certain  stages  of  development,  and 
the  chemical  composition  of  various  biological  components.  Many 
kinetic  studies  of  the  influence  of  radiation  on  variables  of  this  kind  have 
been  made. 

However,  much  greater  emphasis  seems  to  have  been  laid  on  biological 
effects  in  which  the  frequency  of  occurrence  of  a  certain  event  among  a 
population  of  organisms  is  observed.  Biological  objects  other  than 
separate  organisms,  for  example,  different  cells  of  the  same  organism,  may 
be  regarded  as  the  elements  of  a  population.  In  some  instances,  as  in 
the  example  of  genetic  mutations,  the  event  constitutes,  by  its  own 
nature,  a  clear-cut  all-or-none  phenomenon.  (Thus,  the  "white"  eye  or 
the  "cut"  wing  mutant  of  a  fruit  fly  constitutes  a  well-defined  inheritable 
character  of  the  organism.)  In  other  instances  the  event  is  defined  more 
or  less  arbitrarily,  as,  for  example,  when  the  inability  of  a  bacterial  cell  to 
develop  into  a  visible  colony  serves  as  a  criterion  of  the  "death"  of  the 
cell. 

In  either  case,  the  observation  of  the  frequency  of  events  produced  by 
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radiation  seems  to  afford  an  attractive  opportunity  for  studies  of  the 
kinetics  of  radiation  action.  Possibly,  biological  phenomena  which  dis- 
play, at  least  on  the  surface,  an  "all  or  none"  character  appear  to  be  of  a 
more  fundamental  nature  or  more  readily  accessible  to  a  mechanistic 
interpretation.  Be  that  as  it  may,  the  following  sections  deal  almost 
entirely  with  macroscopic  effects  whose  magnitude  is  indicated  by  the 
frequency  of  some  "event." 

Chemical  effects  of  radiation  also  belong  to  this  class  of  macroscopic 
effects,  since  the  yield  of  a  radiochemical  reaction  represents  the  number 
of  molecules  which  have  experienced  a  certain  well-defined  transforma- 
tion. In  other  words,  a  chemical  substance  exposed  to  radiation  may 
be  properly  regarded  as  a  population  of  molecules. 

In  most  instances,  when  a  test  population,  whether  of  organisms  or  of 
molecules,  is  exposed  to  radiation,  only  a  minute  fraction  of  the  physical 
action  of  the  radiation  serves  to  affect  the  elements  of  the  population. 
For  example,  when  fruit  flies  are  irradiated,  their  genetic  material  absorbs 
a  negligible  portion  of  the  radiation.  Under  these  conditions  the  fre- 
quency of  "events"  resulting  from  the  treatment  is  determined  only  by 
the  radiation  dose  and  not  by  the  magnitude  of  the  genetic  population 
treated  and  tested.  The  number  of  mutants  detected  in  the  offspring  of 
treated  organisms  is  proportional  to  the  number  of  offspring  tested,  to 
within  the  unavoidable  statistical  fluctuations. 

However,  in  some  instances,  when  an  excess  of  material  is  exposed,  some 
elements  of  the  population  treated  shield  other  elements  of  the  population. 
For  example,  if  a  suspension  of  bacteria  exposed  to  ultraviolet  light  is 
very  thick,  a  further  increase  of  the  number  of  bacteria  exposed  may 
result  in  a  reduction  of  the  hght  absorbed  by  each  bacterium.  Allow- 
ance must,  of  course,  be  made  for  this  effect  when  it  occurs.  In  extreme 
cases,  the  radiation  dose  determines  the  total  number  of  "events"  pro- 
duced in  a  population  rather  than  the  per  cent  of  the  population  affected. 

This  phenomenon  occurs  particularly  in  a  number  of  radiochemical 
reactions  produced  in  aqueous  solutions.  Even  though  most  of  the  radia- 
tion energy  is  dissipated  in  the  water,  the  resulting  chemical  action 
appears  to  be  channeled  automatically  toward  the  solute  molecules. 
For  example,  a  dose  of  20,000  r  of  X  rays  liberates  0.00005  mole  of  hydro- 
gen per  Hter  of  formic  acid  solution,  whether  the  concentration  of  formic 
acid  is  0.1  or  0.0001  M  (Fricke,  Hart,  and  Smith,  1938). 

A  similar  phenomenon  of  channeling  of  radiation  action  occurs  in  cer- 
tain fluorescent  materials.  A  large  fraction  of  the  energy  dissipated  may 
reappear  in  the  form  of  hght  radiated  by  special  atoms  or  molecules  which 
constitute  only  a  minute  proportion  of  the  material. 

These  examples  indicate  that  the  dependence  of  a  macroscopic  effect 
upon  the  concentration  of  the  reacting  material  may  provide  important 
information  on  the  mechanism  of  action. 
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5-2.  SIMPLE  DOSE-EFFECT  RELATIONS 

The  relation  between  the  amount  of  energy  dissipated  in  a  material 
and  the  magnitude  of  the  resulting  effects  has  been  the  object  of  much 
study.  The  interpretation  of  this  relation  depends  on  the  following  line 
of  argument :  If  the  exposure  of  a  material  to  successive  equal  amounts  of 
radiation  contributes  equal  increments  to  the  over-all  effect,  each  sep- 
arate amount  of  radiation  appears  to  act  independently  of  the  others. 
This  is  the  simplest  situation. 

On  the  other  hand,  if  successive  equal  doses  contribute  increasingly  to 
the  macroscopic  effect,  the  action  of  each  portion  of  the  treatment  appears 
to  combine  with  some  latent  effect  of  earlier  exposure.  An  attempt  is 
then  made  to  obtain  additional  evidence  on  the  combined  effect  of  differ- 
ent partial  exposures  from  more  detailed  features  of  the  dose-effect 
relation.  Most  chemical  effects  and  a  large  number  of  biological  effects 
of  radiation  follow  simple  dose-effect  relationships. 

For  example,  radiation  induces  a  delay  of  cell  division  of  corneal  epithe- 
lium (Friedenwald,  1951)  which  varies  in  proportion  to  the  radiation  dose 
from  50  to  4000  r.  This  and  other  earlier  similar  discoveries  of  simple 
effects  on  time  delays  and  other  variables  have  not  led  to  fully  successful 
interpretations.  As  mentioned  before,  attention  has  centered  partic- 
ularly on  other  types  of  effects. 

5-2a.  Exponential  Curves.  When  a  macroscopic  effect  of  radiation  is 
measured  by  the  frequency  of  occurrence  of  a  certain  event  within  a  pop- 
ulation, the  rule  of  "equal  effect  for  equal  dose"  leads  to  the  following 
result.  Suppose  that  a  certain  amount  of  radiation  produces  the  event 
under  consideration  in  10  per  cent  of  the  population.  Then  an  additional 
equal  dose  would  produce  the  event  in  another  10  per  cent  of  the  remain- 
ing 90  per  cent  of  the  population,  which  were  still  unaffected.  A  third 
additional  equal  dose  would  produce  the  event  in  the  81  per  cent  which 
remained  unaffected  after  the  second  dose,  and  so  on. 

This  situation  presents  a  complete  formal  analogy  with  the  statistical 
occurrence  of  collisions  along  the  tracks  of  particles,  which  was  discussed 
in  Sect.  3-6a.  It  is  described  by  the  same  mathematical  law  as  Eq.  (27). 
Here  we  indicate  by  iVo  the  number  of  organisms  exposed  to  the  radiation 
treatment  and  by  N{D)  the  number  of  organisms  in  which  the  event  has 
not  yet  occurred  after  exposure  to  a  dose  D  of  radiation.  The  frequency 
of  nonoccurrence  of  the  event  varies  as  a  function  of  the  dose  according 
to  the  law 


mm  - .-«. 


(49) 


or 

In  NiB)  =  In  iVo  -  aD  (49') 
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The  plots  of  these  equations  are  identical  with  the  plots  of  Fig.  l-46a  and 
b.  Figure  1-77  shows  some  corresponding  plots  of  experimental  data 
which  appear  to  follow  the  equation  well.  The  coefficient  a  indicates  the 
rate  of  action  of  the  radiation  and  its  value  is  given  by  the  slope  of  the 
plot  in  Fig.  l-77b. 
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Fig.  1-77.  Example  of  an  exponential  dose-action  curve,      (a)  Linear  plot;  {b)  semi- 
logarithmic  plot. 

In  the  exponential  laws  (27)  and  (40),  which  are  similar  to  Eq.  (49),  the 
coefficients  v  and  ^u  represent  the  probability  of  a  particle  collision  or, 
respectively,  of  photon  absorption  per  unit  distance  of  penetration  in  a 
material.  Similarly  the  coefficient  a  in  Eq.  (49)  represents  the  probabil- 
ity of  occurrence  of  the  "event"  under  consideration  in  an  organism  per 
unit  amount  of  radiation  treatment.  This  significance  is  particularly 
apparent  in  the  differential  form  of  Eq.  (49),  which  is  analogous  to  Eq. 
(26): 

dN{D) 


N{D) 


a 


dD 


(49") 


The  ratio  —dN(D)/N{D)  indicates  the  frequency  of  events  which  results 
from  the  infinitesimal  dose  dD  among  the  population  still  unaffected. 

In  certain  experiments  the  occurrence  of  a  number  of  similar  events 
may  be  observed  in  the  same  organism.  For  example,  many  unrelated 
chromosome  breaks  may  appear  in  a  single  cell.  In  this  example  the 
fraction  of  cells  which  show  no  chromosome  break  may  follow  an  exponen- 
tial function  of  the  dose.  If  so,  the  occurrence  of  cells  showing  1,  2,  3, 
.  .  .  breaks  should  relate  to  the  occurrence  of  no  breaks  in  the  same  way 
as  the  occurrence  of  1,  2,  3,  .  .  .  collisions  along  a  length  of  track  of  a 
particle  relates  to  the  occurrence  of  no  collisions  (see  Sect.  3-6a).  An 
example  of  a  case  in  which  this  expectation  obtains  outstandingly  may 
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be  found  in  Table  1  of  a  paper  by  Carlson  (1941).  The  total  frequency  of 
breaks  per  cell,  /,  may  well  become  larger  than  1;  in  fact,  it  increases 
steadily  in  direct  proportion  to  the  radiation  dose: 


f(D)   =  aD 


(50) 
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The  probabilities  v  and  /i  pertaining  to  the  passage  of  particles  and 
X  rays  through  matter  have  a  primitive  significance,  as  explained  in 
Sect.  2,  and  do  not  represent  the  net  statistical  result  of  complex  back- 
ground phenomena.  On  the  contrary,  the  probability  a  is  introduced  in 
Eqs.  (49),  (49'),  or  (49")  as  a  purely  empirical  constant,  which  character- 
izes the  slope  of  semilogarithmic  plots  such  as  the  one  in  Fig.  l-77b. 

A  more  substantial  understanding  of  the  significance  of  a  requires  an 
understanding  of  the  mechanism  through  which  the  observed  "events" 
arise  from  the  action  of  radiation.  This  question  is  also  often  raised  in 
the  opposite  way  by  asking:  What  clues  does  the  simple  law  (49)  give 
regarding  the  mechanism  of  action? 
How  can  the  rate  of  action,  a,  be 
defined  in  a  most  significant  way? 

5-2b.  Range  of  Validity  of  Exponen- 
tial Curves.  In  order  to  evaluate  the 
significance  of  the  simple  exponential 
dose-effect  curves,  consideration  should 
first  be  given  to  whether  the  mathe- 
matical expression  (49)  describes  the 
observed  facts  over  a  limited  range  of 
doses  only  or  over  a  very  wide  range. 

Some  experimental  survival  curves 
of  unicellular  organisms  follow  an  ex- 
ponential curve  quite  closely  down  to  a 
very  minute  fraction  of  survival  (see 
Fig.  l-77b).  In  other  instances  the 
semilogarithmic  survival  plot  flattens 
out  at  a  low  level,  as  in  Fig.  1-78,  indi- 
cating that  a  small  proportion  of  the  initial  cell  population  displays  a 
special  resistance  to  radiation. 

It  may  be  asked,  in  general,  what  is  to  be  expected  if  the  different 
organisms  of  the  population  tested  are  not  homogeneous  with  respect  to 
radiation  resistance.  This  implies  that  the  probability  a  of  a  biological 
event  has  different  values  for  different  groups  of  the  population.  If  so, 
the  survival  curve  has  a  trend  similar  to  that  of  a  narrow-beam  absorption 
curve  of  non-monochromatic  X  rays  (see  Sect.  4-3b)  whose  absorption 
coefficients  have  different  values  for  different  monochromatic  components. 
This  trend  shows  an  upward  curvature  in  the  semilogarithmic  plot  of  Fig. 
1-66,  and  a  corresponding  curvature  should  appear  in  Fig.  l-77b.     The 
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Fig.  1-78.  Exponential  dose-action 
curve  (killing  of  E.  coli)  flattened  at 
the  end,  thus  showing  the  existence 
of  a  more  resistant  component 
strain.  This  strain,  after  isolation, 
yields  the  dotted  dose-action  curve 
{Witkin  1947.) 
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fact  that  the  plot  of  many  survival  curves  remains  straight  over  a  large 
range  of  variation  of  the  dose  indicates  a  very  substantial  homogeneity 
of  the  population  with  respect  to  radiation  resistance. 

It  should  be  realized  that  the  interpretation  of  the  rate  of  action  as  a  probability 
implies  from  the  beginning  that  the  population  tested  is  substantially  homo- 
geneous. "Probability"  means  the  expected  rate  of  occurrence  of  an  event  in  a 
series  of  trials  performed  under  identical  conditions.  (The  exposure  of  each 
individual  organism  constitutes  one  "trial";  "identical  conditions"  require  sub- 
stantially identical  properties  of  the  organisms.)  The  experimental  fact  is  that, 
after  identical  irradiation,  the  "event"  under  consideration  occurs  in  some  indi- 
vidual organisms  and  not  in  others.  These  different  reactions  might  con- 
ceivably reflect  wide  preexisting  differences  of  radiation  resistance  among  the 
organisms  of  the  population  rather  than  a  statistical  variability  of  response  of 
identical  individuals. 

Two  factors  support  the  interpretation  of  the  exponential  curves  in  terms  of 
some  statistical  variability  inherent  in  the  mechanism  of  radiation  action.  The 
general  physiological  inhomogeneity  within  cell  populations,  however  consider- 
able it  may  be,  does  not  appear  to  be  as  broad  or  as  skew  as  would  be  required  to 
account  for  the  exponential  dose-action  curve.  Furthermore,  if  physiological 
variability  had  a  great  influence  on  the  dose-effect  curves,  this  variability  would 
not  seem  likely  to  follow  a  reproducible  pattern  and  to  yield  again  and  again  the 
same  simple  exponential  dose-effect  curve. 

The  theoretical  significance  of  exponential  dose-effect  curves  hinges 
most  critically  on  accurate  verification  of  the  law  for  very  small  doses. 
The  concept  of  a  fixed  probability  of  radiation  action  implies  that  there  is 
a  finite  chance  of  detecting  an  "event"  among  a  large  population,  even 
for  low  doses  where  the  probability  of  that  event  is  exceedingly  small. 
If  a  well-defined  macroscopical  effect  can  result  from  a  comparatively 
minute  treatment,  the  capricious  occurrence  of  effects  in  different  individ- 
uals appears  to  reflect  an  inherent  feature  of  the  mechanism  of  radiation 
action.  At  the  same  time  each  bit  of  radiation,  a  single  particle  or  pho- 
ton, appears  capable  of  producing  an  observable  effect. 

Very  small  lethal  effects  of  radiation  cannot  be  measured  accurately 
under  ordinary  conditions  because  the  number  of  surviving  organisms, 
i.e.,  the  nonoccurrence  of  a  lethal  effect,  is  scored  rather  than  the  effect 
itself.  Figure  1-79  show^s  an  example  of  the  degree  of  approximation 
with  which  the  shape  of  a  dose-effect  survival  curve  for  low  doses  may  be 
determined. 

Genetic  effects  can  be  measured  accurately  even  at  exceedingly  low 
frequencies,  such  as  1  in  100,000  for  fruit  flies  or  1  in  10,000,000  for  bacte- 
ria. Here  the  frequency  of  positive  events  is  scored  directly.  As  long  as 
this  frequency  remains  small,  the  exponential  curve  is  practially  straight, 
and  the  frequency  of  many  classes  of  mutations  is  found  to  increase  in 
proportion  to  the  radiation  dose  (see  Fig.  1-80). 
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Fig.  1-79.   Attempt  at  a  precise  determination  of  the  low-dose  portion  of  an  E.  coli 
survival  curve.      {Courtesy  A.  Hollaender.) 
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Fig.   1-80.  Dose-effect  curves  for  the  production  of  genetic  mutations,  sex-linked 
lethals  in  Drosophila.      {TimoJ^eff-Ressovsky  and  Zimmer,  1947.) 
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5-2c.  Effective  Volumes  and  Effective  Areas.  We  have  been  considering 
the  rate  of  action,  a,  in  Eq.  (49)  as  the  probabiUty  of  producing  a  certain 
"event"  in  an  organism  "per  unit  dose  of  radiation."  As  mentioned  in 
Sect.  5-lb,  the  "dose"  of  radiation  indicates  in  general  the  amount  of 
energy  dissipated  per  unit  volume  of  the  material. 

Energy  dissipation  is  a  comprehensive  macroscopic  concept  which 
applies  equally  to  all  radiations  but  is  unrelated  to  the  microscopic  nature 
of  each  radiation  or  to  the  mechanism  of  its  physical  action.  Therefore 
it  is  also  of  interest  to  relate  the  number  of  the  ultimate  biological  events 
caused  by  radiation  to  the  number  of  primitive  elements  of  the  radiation 
action:  particles  or  photons,  activations  or  ionizations.  To  this  end  the 
dose  is  expressed  in  terms  of  the  flux  of  particles  or  photons  or  in  terms  of 
the  number  of  activations  of  various  kinds  produced  in  the  material  under 
consideration. 

A  dose  of  monochromatic  light  is  most  simply  expressed  in  atomistic 
terms.  The  total  light  energy  incident  on  the  surface  of  a  material 
divided  by  the  energy  of  one  photon  may  be  regarded  as  a  measure  of  the 
"flux  of  photons."  However,  the  number  of  photons  absorbed  in  a  mate- 
rial is  more  pertinent  "to  the  radiation  action  than  the  mere  flux  of  pho- 
tons. The  number  of  light  photons  absorbed  coincides  with  the  number 
of  activations  produced  and  equals  the  amount  of  radiation  energy 
absorbed  divided  by  the  energy  of  one  photon. 

When  the  dose  of  light  is  expressed  in  terms  of  the  number  of  photons 
absorbed,  the  rate  of  action  a  represents  the  probability  of  occurrence  of 
the  "event"  under  consideration  "per  photon  absorbed."  The  absorp- 
tion of  photons  is  subject  to  statistical  fluctuations,  as  we  know.  Thus 
the  proportionality  of  effect  to  dose  establishes  a  definite  correlation 
between  the  statistically  variable  frequency  of  biological  events  and  the 
statistically  variable  number  of  photons  absorbed  in  each  portion  of 
material. 

This  statistical  relation  may  be  specified  by  indicating  the  size  of  a  por- 
tion of  material  in  which  photon  absorptions  occur  as  frequently  as  the 
biological  events  occur  in  an  organism.  Consider  a  hypothetical  example 
in  which  the  observed  probability  of  bacterial  "killing"  by  ultraviolet 
light  equals  lO^^'^  for  every  photon  absorbed  in  1  cm^  of  bacterial  matter. 
Since  photons  are  absorbed  here  and  there  at  random,  the  death  of  a 
particular  bacterium  has  the  same  probability  as  the  absorption  of  one 
photon  within  a  volume  of  10^^°  cm*  of  bacterial  matter.  The  indication 
of  this  volume  serves  to  represent  the  frequency  of  the  corresponding 
biological  event.  Owing  to  the  analogy  with  the  corresponding  formula- 
tion of  the  frequency  of  atomic  phenomena  (see  footnote  5,  Sect.  2-2a) 
this  volume  is  called  the  "effective  volume"  for  the  killing  of  the  specified 
kind  of  bacteria  by  ultraviolet  light  of  specified  wave  length. 

The  rate  of  action  of  ionizing  radiations  may  be  represented  in  a 
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variety  of  ways  which  seem  equally  plausible  a  priori.  The  dose  of  an 
ionizing  radiation  may  be  represented  by  the  total  number  of  activations 
which  it  produces  per  unit  volume  or  per  unit  mass  of  the  treated  material. 
This  total  number  equals  the  energy  dissipated  per  unit  volume  or  mass 
divided  by  the  average  energy  of  each  activation.  The  rate  of  action  is 
then  expressed  as  an  "effective  volume"  for  the  production  of  the  bio- 
logical "event"  under  consideration  by  an  "average  activation." 

The  estimation  of  the  average  energy  of  activations  is  not  quite 
straightforward.  It  depends  on  the  production  of  activations  discussed 
from  the  qualitative  viewpoint  in  Sect.  3-1  and  on  data  of  this  kind  pre- 
sented in  Sect.  2-4c. 

Instead  of  expressing  the  dose  in  terms  of  the  estimated  total  number 
of  activations,  we  may  express  it  in  terms  of  the  number  of  activations  of 
some  special  type.  Ionizing  activations  are  often  considered  in  this  con- 
nection. Their  number  is  estimated  from  the  total  energy  dissipation 
per  unit  volume  or  mass  and  from  experimental  data  on  the  average 
energy  dissipation  per  ionization  in  a  gas  having  a  chemical  composition 
similar  to  that  of  the  treated  material  (see  Sect.  3-lb). 

Alternately,  the  dose  may  be  expressed  in  terms  of  the  flux  of  charged 
particles  within  the  treated  material.  This  expression  is  quite  straight- 
forward in  some  special  instances,  for  example,  when  bacteria  laid  on  an 
agar  surface  are  exposed  to  a  beam  of  heavy  particles.  Most  often  the 
calculation  of  the  flux  of  particles  is  subject  to  uncertainties,  as  when  fast 
electrons  of  various  energies  are  produced  by  X  rays. 

Once  the  flux  of  particles  is  known,  we  may  calculate  the  size  of  an  area 
which  is  crossed  by  a  particle  with  a  probability  equal  to  the  probability 
of  occurrence  of  the  biological  event  under  consideration.  For  example, 
the  frequency  of  "death"  of  bacterium  coh  caused  by  polonium  a  par- 
ticles was  found  to  be  1  per  2  X  10^  particles  per  square  centimeter. 
Therefore  the  chance  of  a  kilUng  effect  equals  the  chance  of  crossing  an 
area  of  1/(2  X  10*)  =  5  X  10"^  cm'  laid  in  front  of  the  a  particle  beam. 
An  area  of  this  size  is  called  the  "effective  area"  or  the  "effective  cross 
section"  for  the  specified  killing  effect  by  the  specified  kind  of  particles. 

The  alternate  ways  of  indicating  the  biological  effectiveness  of  radia- 
tion by  means  of  effective  volumes  or  effective  areas  appear  equally 
legitimate  in  principle.  Further  considerations,  to  be  presented  in  the 
next  section,  and  especially  in  Sect.  5-5,  indicate  that  one  representation 
or  another  may  be  more  significant  depending  on  the  circumstances. 

5-2d.  Target  Theory.  The  statistical  link  between  the  frequency  of  the 
activations  produced  by  radiation  and  the  frequency  of  the  ultimate 
biological  effects  has  certainly  something  to  do  with  the  accidental  dis- 
tribution of  activations  throughout  an  organism.  It  is  becoming  pro- 
gressively clear  that  macroscopic  biological  phenomena  are  steered  to  a 
great  extent  by  submicroscopic  structures,  such  as  the  genes,  and  also  by 
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minute  amounts  of  some  relatively  simple  chemicals,  such  as  vitamins  and 
hormones.  Therefore  it  stands  to  reason  that  the  chance  of  an  eventual 
observable  "event"  is  particularly  high  whenever  an  activation  happens 
to  occur  within,  or  near  to,  the  key  elements  of  an  organism.  For 
example,  a  charged  particle  which  traverses  the  nucleus  of  a  cell  seems 
a  priori  much  more  likely  to  produce  a  genetic  effect  than  a  particle  which 
crosses  the  cytoplasm  only  and  misses  the  nucleus. 

This  concept  has  been  elaborated  upon  in  a  variety  of  more  or  less 
detailed  working  models  of  the  action  of  radiation.  The  core  of  these 
theoretical  argumentations  lies  in  the  idea  that  the  statistical  fluctuations 
in  the  occurrence  of  biological  effects  reflect  primarily  the  statistical 
accidents  in  the  location  of  the  primary  physical  effects.  The  statistical 
fluctuations  of  radiobiological  effects  may  be  visualized  as  similar  to  the 
fluctuations  in  the  casualties  among  a  troop  of  men  exposed  to  a  barrage 
of  rifle  or  mortar  fire.  The  severe  casualties  correspond  to  those  indi- 
viduals which  happen  to  have  been  hit,  and  hit  in  some  particularly 
sensitive  spot. 

Because  of  this  analogy  the  whole  hue  of  argumentation  goes  under  the 
name  of  "hit  theory"  or  "target  theory"  of  radiobiological  actions 
{Treffertheorie  in  German).  The  argumentation  appears  particularly 
suggestive  in  the  circumstances  considered  thus  far,  i.e.,  when  the  dose- 
effect  curves  are  exponential,  but  it  can  be  extended  to  include  more 
complicated  statistical  relations.  The  target  theory  has  given  rise  to 
considerable  controversy.  D.  E.  Lea's  (1946)  book  on  the  action  of 
radiations  on  the  living  cell  constitutes  a  major  effort  to  describe  the 
main  results  of  radiation  biology  within  the  frame  of  the  target  theory 
(see  also  Timofeeff-Ressovsky  and  Zimmer,  1947;  Buzzati-Traverso  and 
CavalH,  1948).  Most  of  the  material  discussed  in  that  book  is  reviewed 
again  in  the  following  chapters. 

In  a  restrictive  formulation  of  the  target  theory  it  has  been  assumed 
that  a  definite  biological  effect,  e.g.,  a  specific  mutation  or  even  the  death 
of  a  cell,  results  whenever  an  ionization  occurs  within  some  well-defined 
submicroscopic  structure  such  as  a  gene.  According  to  this  hypothesis, 
the  structure  itseff  constitutes  a  "sensitive  volume,"  whose  magnitude 
coincides  with  the  "effective  volume"  for  production  of  the  effect  by  an 
ionization.  Timofeeff-Ressovsky,  Zimmer,  and  Delbruck  (1935)  sug- 
gested that  an  ionization  within  a  group  of  about  1000  atoms  may  produce 
a  specific  mutation  from  "eosin"  to  "white"  eye  color  in  a  fruit  fly  sperm. 
The  model  affords  an  attractive  opportunity  for  determining  the  size  of 
key  submicroscopic  structures  by  means  of  radiobiological  studies.  Con- 
firmation of  the  model  and  determination  of  further  details  concerning 
the  submicroscopic  structure  was  expected  from  comparative  studies  of 
the  effectiveness  of  different  radiations  (see  Sect.  5-5).     Thus  the  study 
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of  radiation  action  appeared  as  a  sharp  tool  for  the  investigation  of  key 
biological  structures. 

Extensive  studies  of  dose-effect  curves  under  various  conditions,  stimu- 
lated by  the  target  theory,  have  produced  results  generally  consistent 
with  the  theory.  However,  these  results  are  not  of  a  crucial  nature  and 
do  not  lend  substantial  support  to  the  rather  arbitrary  working  models  of 
the  target  theory.  Thus,  from  this  standpoint,  the  theoretical  specula- 
tions do  not  appear  particularly  fruitful. 

Moreover,  indirect  evidence  unfavorable  to  the  target  theory  has  been 
accumulating.  If  the  randomness  of  biological  effects  depends  primarily 
on  the  random  location  of  the  primary  actions,  the  correlation  between 
these  random  events  should  be  fixed  mainly  by  the  geometrical  character- 
istics of  the  key  structures  of  the  organism.  This  is  to  say,  that  the 
slope  of  the  "dose-effect"  curves  should  be  essentially  independent  of 
environmental  factors  such  as  the  temperature  or  the  biochemical  con- 
ditions of  the  organisms. 

To  be  sure,  the  demonstrated  influence  of  any  one  environmental  factor 
may  be  interpreted  from  the  standpoint  of  the  target  theory  by  a  suitable 
adaptation  of  the  w^orking  model.  Nevertheless,  the  accumulation  of 
evidence  which  requires  a  special  interpretation  detracts  from  the 
attractiveness  of  the  initial  working  hypothesis.  Detailed  discussion  of 
the  pertinent  evidence  is  beyond  the  scope  of  this  chapter.  It  is  sufficient 
to  recall  the  demonstrated  great  influence  of  oxygen  concentration  on  the 
rate  of  action  of  radiation  (see  Bacq,  1951;  HoUaender  et  al.,  1951). 

It  may  also  be  added  that  closer  analysis  of  the  phenomena  which  dis- 
play the  most  strikingly  simple  dose-effect  curves  has  often  brought  to 
light  unexplained  details  (see  Caspari  and  Stern,  1948;  Fano,  1947). 
Here,  again,  any  single  difficulty  could  probably  be  explained  away  but 
the  collective  import  of  the  evidence  seems  considerable. 

The  statistical  analysis  of  exponential  dose-effect  curves  and  the 
expression  of  the  rates  of  action  as  "effective  volumes"  or  "effective 
areas"  are  derived  from  the  original  development  of  the  target  theory 
(Blau  and  Altenburger,  1923).  Thence  also  is  derived  the  name  "single- 
hit  curves"  for  the  exponential  dose-effect  curves.  ("Single-hit"  means 
that  the  observed  biological  event  is  derived  from  a  single  physical 
process,  for  example,  from  the  passage  of  an  ionizing  particle.) 

The  exponential  curves  and  the  "effective  volume"  were  discussed  in 
Sect.  5-2c  without  reference  to  the  concepts  of  the  target  theory,  because 
they  involve  only  a  deduction  from  experimental  results  (within  the  limits 
of  accuracy  of  the  observations)  and  afford  a  convenient  manner  of 
expressing  those  results.  The  introduction  of  more  or  less  specific 
hypothetical  working  models  and  the  development  of  deductions  based  on 
the  models  constitute  quite  different  procedures  of  theoretical  analysis. 
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5-3.  "SIGMOID"  DOSE-EFFECT  CURVES 

Most  dose-effect  curves  are  of  the  "sigmoid"  type  shown  in  Fig.  1-81. 
The  initial  flat  portion  of  the  curve  indicates  that  no  macroscopic  bio- 
logical effect  is  detected  until  a  certain  amount  of  latent  action  of  radia- 
tion has  accumulated.     The  flattening  of  the  curve  at  high  doses  means, 
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Fig.  1-81.  Example  of  a  sigmoid  dose-action  curve. 

more  trivially,  that  the  effect  is  approaching  completion.  (The  same 
flattening  is  observed  also  in  exponential  curves  as  shown  in  Fig.  1-77 
where  the  ordinates  are  plotted  in  the  opposite  direction.) 

In  principle  a  detailed  analysis  of  the  shape  of  sigmoid  curves  should 
provide  substantial  information  on  the  accumulation  of  latent  action 
which  must  precede  a  detectable  effect.  In  practice  such  analyses  have 
not  been  successful. 

From  the  standpoint  of  the  target  theory,  an  effect  which  follows  a 
sigmoid  curve  is  visualized  as  resulting  from  a  definite  number  of  latent 
"single-hit"  effects.  This  interpretation  appears  c^uite  plausible  in  a  few 
instances  in  which  there  are  good  clues  regarding  these  "single-hit" 
effects.  For  example,  certain  rearrangements  of  chromosomes  which 
result  from  radiation  treatments  involve  a  breakage  of  two  chromosomes. 
The  individual  breakages  appear  to  constitute  "single-hit"  phenomena 
whose  occurrence  is  a  prerequisite  for  the  completion  of  the  rearrange- 
ment. In  some  instances  the  frequency  of  single  breaks  has  been 
observed  to  follow  a  "single-hit"  curve  (see  Sect.  5-2a)  whereas  the  fre- 
quency of  rearrangements  follows  a  sigmoid  curve  (see  Sax,  1940). 

On  the  other  hand,  in  the  absence  of  clues  regarding  the  nature  of  the 
prerequisite  "single-hit"  effects  the  definite  model  suggested  by  the 
target  theory  represents  only  a  speculation  of  uncertain  significance. 
Some  information  on  the  mathematical  development  of  the  target  theory 
is  given  here  for  the  purpose  of  orientation. 

Consider  an  observable  event  which  results  from  the  occurrence  of  a  number  n 
of  latent  "single-hit"  events.  As  long  as  the  dose  D  remains  low,  each  "single- 
hit"  event  has  a  small  probability  of  having  occurred  and  this  probability  is 
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proportional  to  D.  Therefore  the  combined  probabiUty  Pn  that  all  n  latent 
events  have  occurred  rises,  as  a  function  of  D,  in  proportion  to  the  nth  power  of 
the  dose, 

PniD)  =  kD-        if  Pn  «  1  (51) 

The  trend  of  variation  of  Pn{D)  at  low  doses  depends  only  on  the  number  n  of 
required  single-hit  events.  The  trend  at  higher  doses  depends  on  further  details 
of  the  model  assumed.  For  example,  the  n  single-hit  events  may  be  equivalent, 
or  rather  interchangeable,  like  ?i  breaks  in  the  chromosomes  of  a  cell.  As  men- 
tioned in  Sect.  5-2a,  the  probability  that  m  such  events  result  from  a  dose  D  is 
given  by  the  Poisson  distribution  expression,  Eq.  (28),  Sect.  3-6a: 

F^(D)  =  e-«-»(aZ))-/w! 

The  detectable  event  occurs  whenever  at  least  n  single-hit  events  have  taken 
place.     Therefore  its  probability  equals 


{n+  1)!    '    {n  +  2)! 


(52) 


Let  No  be  the  number  of  organisms  exposed  to  the  radiation  treatment  and  N{D) 
the  number  of  organisms  in  which  the  detectable  event  has  not  occurred  after  a 
dose  D.  The  frequency  of  "nonoccurrence,"  N{D)/No,  equals  the  probabiUty 
that  less  than  n  single  events  have  taken  place  in  an  organism.     Therefore 


N{D)/No  =  e-^  [l+aD  +  ^  +   •  •  •   +  h^y\ 


(53) 


This  expression  reduces  to  the  standard  exponential,  or  "single-hit"  [Eq.  (49)], 
when  n  =  1.     It  is  called  a   "multiple-hit"   curve.     Figure   1-82  shows  regu- 
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Fig.  1-82.  Plots  of  1-  to  5-hit  dose-action  curves  according  to  Eq.  (53).      (a)  Linear 
plot;  {h)  semilogarithmic  plot. 

lar  and  semilogarithmic  plots  of  Eq.  (53)  for  various  values  of  the  "number  of 
hits,"  n. 

Different  trends  of  the  dose-effect  curves  result  from  different  assumptions 
regarding  the  latent  single-hit  events.  Suppose  that  these  events  are  clearly 
distinct  from  one  another,  as,  for  example,  when  one  chromosome  break  is 
required  in  each  one  of  different  chromosomes  of  a  cell.  Let  the  rates  of  action 
for  the  production  of  the  different  single-hit  events  be  designated  by  ai,  0:2,  •  •  •  , 
a„.     The  probabilities  of  nonoccurrence  of  these  various  events  after  a  dose  D 
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are  e~"'^,  e~"^^,  .  .  .  ,  e~""^.     The  corresponding  probabilities  of  occurrence  are 

1  -  e-"'»,  1  -  ?'«='»,   .  .  .   ,  1  -  e-""^ 

The  probability  of  occurrence  of  all  events  is  the  product  of  these  separate 

probabilities : 

(1  -  e-"'^){\  -  e-^^-D)   .  .  .   (1  _  ^-a„D^  (54) 

This  expression  is  the  counterpart  of  Eq.  (52)  derived  from  a  different  working 
model.     The  counterpart  of  Eq.  (53)  is 

N(D)/No  =  1  -  (1  -  e-«'^)(l  -  e-"^^)  •■•(!-  e-""-^)  (55) 

Tests  have  been  devised  (see,  for  example,  Curie,  1929),  and  other  tests  could 
probably  be  developed,  to  describe  an  experimental  dose-effect  curve  by  one  or 
the  other  of  Eqs.  (53)  and  (55)  and  to  fix  the  appropriate  value  of  n.  However, 
the  fitting  procedures  are  not  critical.  A  reliable  determination  of  the  number 
of  hits  and  a  discrimination  between  different  types  of  equations,  such  as  (53)  and 
(55),  would  require  a  higher  experimental  accuracy  than  is  attained  in  practice. 

Possible  inhomogeneities  within  the  population,  with  regard  to  the  response  of 
individual  organisms  to  radiation,  complicate  the  analysis  of  dose-efTect  curves. 
The  effect  of  inhomogeneities  tends  to  bend  the  curves  of  Fig.  l-82b  in  the  oppo- 
site way,  i.e.,  to  reduce  their  net  curvature  and  the  apparent  value  of  the  number 
of  hits. 

5-4.  "TIME-INTENSITY"  FACTOR 

Thus  far  we  have  failed  to  consider  the  possible  influence  of  the  rate  of 
delivery  of  a  radiation  treatment  upon  the  eventual  effect  of  the  treat- 
ment. The  dose  of  a  treatment  indicates  the  total  amount  of  energy 
absorbed  by  the  treated  material  irrespective  of  the  total  duration  of  the 
exposure  to  radiation  and  of  possible  variations  of  the  radiation  intensity 
during  the  exposure. 

Equal  doses  can  be  delivered  in  very  short  and  intense  bursts  or  over 
long  periods  of  time  at  a  very  low  intensity.  For  example,  there  can  be 
delivered  within  less  than  1  microsecond  an  X-ray  dose  of  the  order  of 
10  r,  which  corresponds  to  the  absorption  of  1000  ergs  per  gram  of  tissue 
and  has  appreciable  biological  effectiveness  (see  Slack  and  Thilo,  1944). 
The  same  dose  can  be  delivered  at  a  steady  rate  by  a  weak  radioactive 
source  of  y  rays  over  a  period  of  weeks,  months,  or  years. 

Control  over  the  distribution  of  a  radiation  treatment  in  the  course  of 
time  offers,  in  principle,  an  opportunity  for  investigating  the  mechanism 
of  radiation  effects.  Studies  in  which  this  control  is  variously  appHed 
are  often  called  studies  of  the  "time-intensity  factor,"  or  simply  of  the 
"time  factor."  These  studies  have  yielded  thus  far  only  moderate 
results. 

Two  simple  patterns  of  intensity  distribution  appear  particularly  con- 
venient for  investigating  the  influence  of  the  time  factor.  The  method 
most  commonly  employed  is  to  keep  the  intensity  of  irradiation  constant 
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throughout  each  treatment  and  to  vary  it  m  a  series  of  experiments  in 
inverse  proportion  to  the  duration  of  the  treatment.  Alternately,  each 
treatment  may  be  fractionated  into  two,  or  possibly  more,  short  high 
intensity  bursts  and  the  interval  between  the  bursts  varied  in  a  series  of 
experiments ;  this  method  appears  to  offer  considerable  advantages  (Fano 
and  MarinelU,  1943). 

No  influence  of  the  time  factor  is  expected  if  the  separate  photons  or 
particles  of  a  radiation  contribute  independently  to  the  eventual  observ- 
able effect.  Therefore  the  interpretation  of  the  exponential  dose-effect 
curves  in  Sect.  5-2a  implies  that  these  curves  do  not  depend  on  the  rate  of 
delivery  of  the  radiation.  This  expectation  obtains  in  practice  in  a  sub- 
stantial number  of  instances  (provided,  of  course,  that  the  physiological 
properties  of  the  treated  organisms  remain  constant  even  during  pro- 
tracted exposures  to  radiation).  For  example,  the  sperm  cells  of  a  fruit 
fly  may  remain  under  constant  conditions  for  a  period  of  a  month ;  equal 
doses  of  radiation  variously  distributed  during  this  period  produce  equal 
genetic  effects  (see  Muller,  1940;  Kaufmann,  1941). 

On  the  other  hand,  the  time  factor  may  well  be  expected  to  influence 
sigmoid  dose-effect  curves.  In  a  few  instances  the  relationship  of  the 
time  factor  to  the  mechanism  of  origin  of  the  biological  effect  seems  fairly 
clear.  One  such  example  concerns  the  occurrence  of  two  separate  breaks 
in  the  chromosomes.  Here  it  appears  plausible  that  the  two  breaks  may 
not  combine  to  yield  the  final  rearrangement  if  they  arise  at  too  distant 
instants  of  time,  e.g.,  more  than  a  few  minutes  apart  (see  Sax,  1940;  Lea 
and  Catcheside,  1942).  Therefore  a  given  dose  becomes  less  effective  if 
spread  over  a  long  interval  of  time. 

The  process  of  degradation  and  distribution  of  radiation  energy  up  to 
the  production  of  chemical  activations  takes  place  very  rapidly  and 
involves  an  exceedingly  small  fraction  of  the  atoms  of  a  material.  There- 
fore the  proximity  in  time  of  the  arrival  of  different  particles  or  photons 
should  not  influence  their  immediate  physical  action  vip  to  the  point  at 
which  activations  are  produced.  It  should  then  be  expected  that  experi- 
mental data  on  the  influence  of  the  time  factor  would  supply  evidence  on 
the  stages  of  the  action  of  radiation  which  follow  the  production  of 
activations.  Unfortunately,  so  little  is  known  in  general  about  these 
stages  that  it  is  difficult  to  draw  any  conclusions  from  the  data  on  the  time 
factor. 

5-5.  COMPARATIVE   EFFECTIVENESS  OF  DIFFERENT  RADIATIONS 

Two  different  elements  influence  the  comparative  effectiveness  of  radia- 
tions, namely,  their  initial  potency  and  the  distribution  of  the  activations 
which  they  produce  within  a  material. 

As  explained  in  Sect.  3,  all  ionizing  radiations  have  a  potency  well  in 
excess  of  that  required  to  produce  any  chemical  activation,  and  the 
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potency  of  each  ionizing  radiation  is  a  negligible  factor.  Ionizing  radia- 
tions produce,  in  general,  chemical  and  biological  effects  of  comparable 
order  of  magnitude,  at  parity  of  energy  dissipation.  On  the  other  hand, 
light  has  only  Kmited  chemical  potency.  Accordingly,  ultraviolet  Ught  is 
much  less  effective  than  ionizing  radiation,  and  the  effectiveness  decreases 
greatly  as  we  proceed  to  visible  and  infrared  light.  Radiation  of  still 
lower  potency,  i.e.,  radio  waves,  acts  only  indirectly  through  the  genera- 
tion of  heat,  with  still  much  lower  efficiency. 

Different  radiations  may  display  a  different  comparative  effectiveness 
in  the  production  of  different  effects.  Therefore  even  the  qualitative 
picture  of  the  various  effects  produced  by  different  radiations  may  differ. 
For  example,  the  proportion  of  the  genetic  effects  produced  in  fruit  flies 
which  is  associated  with  chromosomal  breaks  is  much  greater  for  ionizing 
radiations  than  for  ultraviolet  light  (see  Muller,  1941,  p.  160).  [Inci- 
dentally, the  effect  of  chemical  mutagens  of  the  mustard  group  indicates 
a  potency  intermediate  between  that  of  ultraviolet  and  that  of  ionizing 
radiation  (Auerbach  and  Robson,  1947).]  By  and  large,  ionizing  radia- 
tions duplicate  all  the  effects  of  less  potent  radiations,  as  expected,  but 
the  reverse  is  not  true.  The  experimental  observations  bearing  on  this 
point  agree  with  expectation  but  do  not  contribute  much  new  information. 

Different  ionizing  radiations  differ  from  one  another  in  their  action, 
depending  on  the  average  interval  of  collisions  along  the  tracks  of  ionizing 
particles.  Data  on  the  comparative  effectiveness  of  different  ionizing 
radiations  bear  on  the  mutual  influence  of  the  aftereffects  of  successive 
collisions. 

X  rays  and  fast  electrons  of  energy  greater  than  about  10  kev,  as  well 
as  heavy  particles  with  energies  in  the  100-Mev  range,  have  essentially 
equal  effectiveness  for  equal  energy  dissipation.  This  means  that  the 
aftereffects  of  successive  colHsions  do  not  influence  each  other  if  the 
colhsions  occur  sufficiently  far  apart.  Other,  lower  energy,  radiations, 
which  give  rise  to  more  closely  spaced  collisions,  seem  to  be  a  few  times 
more  effective  in  most  instances,  but  occasionally  also  less  effective.^ 

5-5a.  Equal  Effectiveness.  Let  us  consider  first  the  phenomena  which 
follow  exponential  dose-effect  curves  and  in  which  different  ionizing  radia- 
tions produce  equal  effects  for  equal  energy  dissipation.     The  rates  of 

6  Note  added  in  July,  1952.  Evidence  accumulated  in  recent  years  has  progressively 
disproved  the  statement  "X  rays  and  fast  electrons  of  energy  greater  than  about  10 
kev  .  .  .  have  essentially  equal  effectiveness."  By  and  large  the  effectiveness  of 
these  radiations  appears  to  decrease  steadily,  by  a  factor  of  the  order  of  2,  as  the 
energy  of  the  electrons  (whether  primary  or  secondary  generated  by  X  rays)  increases 
from  10-30  kev  to  about  0.5-1  Mev.  Beyond  this  energy  the  average  distance  of 
collisions  along  electron  tracks  no  longer  decreases  and  no  further  change  of  effective- 
ness should  be  expected. 

The  newer  evidence  consists  mostly  of  experiments  on  the  production  of  complex 
effects  in  higher  organisms  (see  Chase  et  al.,  1947).     Possibly  because  of  this  reason  the 
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action  of  the  different  radiations  are  equal  when  expressed  as  a  prob- 
ability of  an  "event"  per  unit  energy  dissipation.  The  rates  of  action 
are  also  equal  when  the  dose  is  expressed  by  the  number  of  any  kind  of 
physical  processes  which  correspond,  on  the  average,  to  equal  dissipation. 
Thus  the  "effective  volume"  for  the  production  of  a  biological  event 
under  consideration  by  an  average  activation  (see  Sect.  5-2c)  has  eciual 
values  for  the  different  radiations.  Similarly,  the  effective  volumes  for 
production  of  that  effect  by  an  ionization  or  by  a  collision  of  a  fast  ion- 
izing particle  have  equal  values  for  different  radiations. 

If  a  certain  physical  process  is  to  be  regarded  as  the  independent 
primitive  "cause"  of  a  certain  biological  effect,  the  corresponding  effective 
volume  should  have  a  fixed  value  no  matter  what  radiation  is  employed. 
The  application  of  this  principle  has  been  the  object  of  much  attention  in 
the  development  of  the  target  theory.  The  aim  was  to  select  a  single 
basic  process  from  the  various  possibilities,  such  as  the  absorption  of  a 
photon  or  the  production  of  an  ionization  in  a  target  region  or  the  passage 
of  an  electron  through  that  region.  Experiments  were  then  made  with 
different  radiations,  mostly  with  X  rays  of  different  energies,  to  determine 
the  effective  volume  or  area  for  the  production  of  a  biological  effect  by 
each  of  these  processes.  Since  the  effective  volume  pertaining  to  ioniza- 
tions was  believed  to  have  an  equal  value  for  different  radiations,  it  was 
argued  that  the  production  of  an  ionization  within  a  target  volume  con- 
stitutes the  "hit"  which  causes  the  observed  biological  effect.  The 
supposedly  eciual  effectiveness  of  X  rays  of  different  energies  and  wave 
lengths  was  often  referred  to  as  the  "lack  of  a  wave  length  effect." 

Actually,  as  already  mentioned,  a  fixed  effective  volume  is  found  for 
any  physical  process  which  occurs  in  numbers  proportional  to  the  energy 

newer  evidence  was  not  rapidly  and  generally  accepted  as  a  general  rule  in  biological 
effectiveness.  More  recently,  experiments  with  microorganisms  and  on  the  produc- 
tion of  cytogenetic  effects  (Kirby-Smith  et  al.,  1952)  have  provided  important  con- 
tributory evidence. 

One  reason  for  the  earlier  failure  to  detect  this  effect  may  be  traced  to  a  remark  by 
Lea  (1946).  Most  of  the  earlier  experiments  dealt  with  the  comparative  effectiveness 
of  X  rays  with  photon  energies  ranging  from  about  20  to  about  200  kev.  Lea  pointed 
out  that  the  average  energy  of  the  secondary  electrons  ejected  by  such  photons  varies 
comparatively  little,  despite  the  tenfold  range  of  photon  energies,  because  the  mecha- 
nism of  ejection  changes  from  predominance  of  photoelectric  effect  to  predominance  of 
C'ompton  effect.  Therefore,  evidence  from  X-ray  work  in  this  energy  range  was  not 
critical. 

In  the  light  of  the  new  evidence,  the  discussion  in  Sect.  5-5a  becomes  rather 
academic,  since  it  deals  with  "phenomena  ...  in  which  different  ionizing  radiations 
produce  equal  effects  for  equal  energy  dissipation."  Such  phenomena  may  not  exist. 
On  the  contrary,  nearly  all  the  phenomena  appear  now  to  fall  in  the  class  considered 
in  Sect.  5-5b.  It  is  not  just  "densely  ionizing  radiations"  which  have  higher  effective- 
ness. Rather,  the  effectiveness  appears  to  decrease  steadily  as  the  density  of  the 
ionizations,  or  density  of  collisions,  decreases  to  its  lowest  attainable  value. 
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dissipation.  The  equal  effectiveness  of  different  ionizing  radiations  indi- 
cates only  that  the  aftereffects  of  successive  collisions  along  the  tracks  of 
fast  ionizing  particles  develop  independently.  Successive  collisions  may 
dissipate  widely  different  amounts  of  energy,  and  there  is  no  telling 
whether  and  how  the  effectiveness  of  each  collision  depends  on  the  energy 
dissipated.  For  example,  Catcheside  and  Lea  (1943)  have  been  led  to 
think  that  chromosomal  breaks  occur  only  at  the  tail  end  of  the  tracks  of 
fairly  energetic  secondary  electrons  (of  about  500  ev  or  more).  This 
possibility  is  consistent  with  equal  effectiveness  of  different  radiations 
because  the  number  of  energetic  secondary  electrons  is  proportional  to 
the  energy  dissipated. 

5-5b.  Higher  Effectiveness  of  Densely  Ionizing  Radiations.  Ionizing 
particles  whose  energy  is  dissipated  by  particles  of  comparatively  low 
speed  display,  in  general,  a  particularly  high  biological  effectiveness.  The 
production  of  genetic  mutations  in  fruit  flies  appears  to  constitute  a  nota- 
ble exception  to  this  rule  (see  Sect.  5-5c).  Since  successive  colhsions 
follow  one  another  at  shorter  distances  along  the  tracks  of  slower 
particles,  the  greater  effectiveness  of  these  particles  indicates  some  coop- 
erative action  of  the  aftereffects  of  different  colhsions.  There  is  no 
definite  indication  regarding  the  mechanisms  of  such  cooperative  action, 
but  it  seems  quite  plausible  a  priori  that  energy  dissipated  at  a  high  con- 
centration is  particularly  effective. 

Experiments  with  X  rays  of  different  energies  show  an  increase  of 
effectiveness^"  only  when  the  energy  of  the  photons,  and  of  the  photo- 
electrons  which  they  release,  falls  below  10  kev.  Catcheside  and  Lea 
(1943)  demonstrated  this  effect  in  the  production  of  chromosome  breaks 
in  the  spiderwort  Tradescantia. 

Heavy  charged  particles  with  energies  of  a  few  million  electron  volts 
dissipate  energy  even  more  densely  than  electrons  of  a  few  thousand 
electron  volts.  Most  of  the  experimental  evidence  regarding  heavy 
particles  was  obtained  Avith  a  particles  and  with  neutrons  (i.e.,  with  the 
protons  accelerated  by  the  impact  of  neutrons).  Table  1-12  gives 
data  on  the  comparative  effectiveness  of  heavy  particles  and  of  X  rays. 

The  speed  of  heavy  charged  particles  varies  comparatively  little  over 
appreciable  lengths  of  path.  Therefore  it  is  possible  to  study  the  effec- 
tiveness of  beams  of  particles  that  dissipate  energy  at  a  fairly  uniform 
and  constant  rate.  (Low-speed  electrons  have  so  little  energy  that  they 
do  not  travel  an  appreciable  distance.)  Zirkle  (1935)  demonstrated  a 
progressive  change  of  effectiveness  along  the  path  of  a  particles  (see 

Table  1-12). 

Heavy-particle  beams  with  energies  up  to  hundreds  of  million  electron 
volts  are  now  available.  The  fastest  of  these  particles  are  as  effective  as 
high-energy  X  rays;  the  slower  ones  are  generally  more  effective.     It 

«"  See  Note  beginning  on  page  136. 
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should  be  possible  to  determine  the  trend  of  variation  of  effectiveness  in 
detail.  Only  preliminary  results  in  this  direction  are  available  at  the 
time  of  this  writing  (see  Table  1-12). 

5-5c.  Saturation  Effect.  It  was  mentioned  in  Sect.  3-6  that  a  com- 
bination of  the  aftereffects  of  different  collisions  may  conceivably  lead 
to  at  loss  rather  than  to  a  gain  of  effectiveness.  This  effect  seems  to 
occur  in  a  number  of  radiochemical  reactions  produced  by  a  particles. 
(See,  however,  footnote  6,  Sect.  5-5.)  Molecules  that  are  activated  as 
a  result  of  successive  collisions  a  short  distance  apart  are  believed  to 
neutralize  one  another  as  they  meet  while  diffusing  away  from  their 
point  of  origin  (see,  for  example.  Chap.  4). 

Another  effect  may  contribute  to  reduce  the  effectiveness  of  densely 
ionizing  radiations.  If  the  rate  of  energy  dissipation  along  the  track  of  a 
particle  is  sufficiently  high,  it  may  be  imagined  that  this  energy  dissipa- 
tion suffices  to  achieve  whatever  effect  it  was  intended  to  produce.  A 
further  increase  of  the  rate  of  energy  dissipation  would  be  wasteful. 

According  to  this  argument  the  effectiveness  of  ionizing  radiations 
should  eventually  decrease  provided  the  rate  of  energy  dissipation  along 
the  particle  tracks  attains  a  sufficiently  high  value.  This  loss  of  effec- 
tiveness is  generally  called  the  "saturation  effect." 

Under  conditions  of  high  saturation  the  action  of  radiation  is  visual- 
ized as  definitely  concentrated  around  the  tracks  of  ionizing  particles. 
The  effectiveness  of  the  radiation  depends  on  the  effective  radius  of 
action  of  the  intense  disturbance  caused  by  the  passage  of  a  particle. 
Since  the  chance  of  production  of  an  effect  at  a  certain  position  depends 
primarily  on  the  passage  of  a  particle  at  a  sufficiently  close  distance,  the 
target  theory  picture  of  a  "sensitive  volume"  or  "sensitive  area"  becomes 
more  definitely  realistic. 

The  effectiveness  of  neutrons  of  a  few  Mev  for  the  production  of  sex- 
linked  lethal  mutations  in  fruit  flies  is  slightly  (about  30  per  cent)  lower 
than  the  effectiveness  of  X  rays.  This  effect  is  generally  regarded  as  an 
example  of  incipient  saturation.  Catcheside  and  Lea  (1943)  have 
reported  a  similar  drop  of  effectiveness  for  the  X-ray  production  of 
chromosome  breaks  in  a  spiderwort  as  the  X-ray  energy  drops  from  3  to 
1.5  kev.  (The  same  effect  increases  as  the  energy  drops  from  10  to  3  kev; 
see  Sect.  5-5b).  General  indications  are  that  heavy  particles  produce 
chromosomal  breaks  in  this  material  under  conditions  of  high  saturation, 
i.e.,  that  a  break  arises  whenever  a  heavy  particle  smashes  through  a 
chromosome. 

Target-theory  models  lead  to  quantitative  predictions  regarding  the 
decrease  of  radiation  effectiveness  as  a  function  of  the  increasing  rate  of 
energy  dissipation.  For  example,  the  probable  "waste"  of  radiation 
energy  due  to  the  accidental  occurence  of  two  or  more  ionizations  within  a 
single  sensitive  volume  can  be  calculated.     Such  predictions  have  been 
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worked  out  by  many  authors,  notably  by  Lea  (1940,  1946).  They 
appear  somewhat  unreaUstic  because  of  the  number  of  detailed  assump- 
tions involved  in  the  calculations. 
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RADIATION  DOSIMETRY 

Energy  Absorbed  as  an  Expression  of  Dose.  The  ultimate  purpose  of 
dosimetry  in  radiobiology  is  to  contribute  to  the  eUicidation  of  the 
mechanism  of  action  of  ionizing  radiations.  In  principle  the  task  could 
be  considered  accompUshed  if  a  statement  concerning  the  total  number  of 
ionizations  and  excitations  produced  in  a  biological  or  chemical  system 
could  be  made  as  a  result  of  direct  measurement,  since  these  phenomena, 
characteristic  of  ionizing  radiation,  may  be  regarded  as  the  initial  steps 
of  radiochemical  and  radiobiological  action.  Since  measurements  of  this 
sort  are  considered  experimentally  unfeasible,  efforts  have  been  made 
instead  to  evaluate  the  energy  absorbed  by  the  irradiated  system.  This 
approach  has  been  adopted  because  of  the  fact  that,  whereas  ionization 
and  excitation  depend  markedly  on  molecular  structure,  energy  loss  by 
ionizing  particles  is  essentially  dependent  on  atomic  composition  only 
and  therefore  is  more  easily  estimated  by  indirect  means.  The  choice  of 
energy  as  the  independent  variable  retains  the  desirable  qualities  inherent 
in  any  fundamental  and  unambiguous  physical  entity;  it  should  not  be 
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expected,  however,  that  a  simple  statement  of  the  energy  absorbed  will 
prove  sufficient  to  predict  a  change  in  a  biological  system  in  all  circum- 
stances (Mayneord,  1950). 

Survey  of  Dosimetric  Methods.  Ionization  in  matter  is  caused  directly 
by  a  few  types  of  energetic  charged  particles,  such  as  electrons,  protons, 
and  a  particles,  and,  if  they  were  used  as  primary  sources  of  radiation,  the 
task  of  measuring  energy  absorbed  would  be  simplified  considerably  in 
theory  because  these  particles  lose  energy  in  analogous  ways,  mostly  by 
interaction  with  the  electrons  of  matter.  However,  the  release  of  ion- 
izing particles  in  biological  objects  is  accomplished  very  frequently  as  the 
result  of  an  exposure  to  intrinsically  nonionizing  radiations  (e.g.,  photons, 
neutrons)  or  as  a  result  of  nuclear  disintegration  or  decay  of  atomic  nuclei 
within  the  system.  In  these  cases  the  task  is  somewhat  more  complex, 
since  it  consists  in  assessing  correctly  both  the  amount  of  energy  imparted 
to  the  ionizing  particles  and  the  fraction  of  this  energy  absorbed  by  the 
object  under  investigation.  In  practice  both  estimates  must  extend  not 
only  to  the  experimental  object  itself  but  also  to  the  immediate  surround- 
ings, which  may  affect  the  absorption  of  energy  in  the  former.  With 
these  premises  in  mind,  the  dose  D  (energy  absorbed  in  ergs  per  gram) 
received  by  the  biological  object  may  be  represented  by  an  expression 
such  as 

Z)  =  F  •  6.  ■  €„  (1) 

where  F  is  the  primary  energy  flux  density  in  ergs  per  square  centimeter, 
€c  is  the  fraction  of  the  flux  converted  or  released  into  energy  of  the  ion- 
izing particles  per  square  centimeter  per  gram  of  material,  and  €„  is  the 
numerical  fraction  of  this  energy  transferred  to  the  biological  object.^ 

Determination  of  D  by  this  procedure  clearly  involves  the  separate 
determination  of  F,  €c,  and  e„.  Moreover,  since  both  ec  and  e^  depend  on 
the  energy  of  the  individual  components  of  primary  radiation,  an  inquiry 
as  to  the  "quality"  of  F  must  be  added  to  what  is  already  a  very  com- 
plicated and  impractical  task.  Ideally,  this  situation  could  be  circum- 
vented by  the  use  of  calorimetric  methods  designed  to  measure  the  quan- 
tity of  heat  produced  in  a  biological  system  by  a  given  radiation  exposure. 
Although  X-ray  intensities  of  the  order  of  10^^  cal/cm'/sec  have  been 
measured  with  acceptable  accuracy  (Laughlin  and  Beattie,  1951; 
Laughhn,  Beattie,  and  Ovadia,   1951),  the  successful  determination  of 

1  Coefficients  ec  and  e„  are  introduced  in  this  chapter  for  didactic  purposes  only,  in 
order  to  emphasize  the  fact  that  the  energy  gained  by  an  irradiated  object  is  not 
necessarily  equal  to  the  energy  lost  by  the  impinging  beam  of  ionizing  radiation. 
6c  may  be  easily  identified  with  the  true  absorption  coefficient  for  the  case  of  photon 
irradiation  and  with  the  specific  energy  loss  for  the  case  of  charged  particles.  Implicit 
or  explicit  expressions  for  e<;  are  found  in  the  physical  literature;  computation  of  e„ 
instead  is  clearly  a  task  of  dosimetry,  requiring,  in  general,  tedious  and  laborious 
calculations. 
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energy  absorbed  in  irradiated  biological  systems  by  calorimetric  means  is 
yet  to  be  reported.  This  is  not  altogether  surprising  since  the  expected 
rise  in  temperature  in  water  is  about  2.25  X  10^'^  C  per  roentgen — a  tem- 
perature variation  difficult  enough  to  detect  under  ideal  circumstances, 
uncomplicated  by  the  thermochemical  changes  ever  present  in  living 
matter.  A  possible  exception  to  these  statements  is  to  be  found  in  some 
calorimetric  measurements  of  /3-decay  energy  where  reported  heat  inputs 
of  the  order  of  7  X  10  "^  cal/sec  have  been  measured  with  accuracies  of 
better  than  1  per  cent  (Cannon,  1950).  Despite  its  valuable  contribution 
to  the  problem  of  absolute  standardization  of  |8-ray  sources,  this  sensitive 
method,  based  on  the  use  of  a  liquid-nitrogen  isothermal  calorimeter  and 
of  long  times  of  observation,  does  not  seem  to  be  easily  adaptable  to  the 
routine  measurements  of  radiation  doses  received  from  external  sources. 

Most  methods  of  approach  to  the  problem  have  made  use  instead  of 
physical  or  chemical  systems  in  which  the  response  obtained  conforms 
with  Eq.  (1)  and  in  which  e^  and  e„  are  either  calculable  or  remain  essen- 
tially proportional  to  those  values  pertaining  to  biological  systems  for 
wide  conditions  of  irradiation. 

The  majority  of  methods  have  met  with  limited  success  and  remain 
useful  only  in  particular  circumstances.  Photographic  methods,  besides 
being  complicated  by  the  laws  of  photographic  blackening  and  by  the 
involved  techniques  necessary  to  control  adequately  the  emulsion  expo- 
sure and  the  conditions  of  development,  are  essentially  limited  because 
the  factor  e^  of  the  emulsion  does  not  remain  proportional  to  the  ec  per- 
taining to  biological  systems  under  different  qualities  of  radiation  ( Wilsey, 
1951;  Erlich  and  Fitch,  1951;  Bromley  and  Herz,  1950;  Deal  and  Hober- 
son,  1948).  The  otherwise  easily  measurable  photoelectric  effects  are 
similarly  limited. 

The  many  chemical  effects  produced  by  radiation  have,  in  general, 
proved  to  be  unsuitable  for  this  application  because  the  effect  is  often- 
times not  proportional  to  the  dose  and  the  basic  mechanisms  involved  are 
usually  not  well  understood.  As  early  as  1902,  Holzknecht  introduced 
pastilles  which,  when  exposed  to  X  rays,  changed  color  to  a  degree  depend- 
ing upon  the  quantity  of  radiation  absorbed.  Attendant  color  charts 
were  calibrated  in  arbitrary  units.  Although  of  considerable  historical 
interest,  the  method  was  soon  discarded  because  of  practical  difficulties 
and  because  it  suffered  essentially  from  the  same  limitations  as  the  photo- 
graphic method. 

Obviously,  these  objections  do  not  apply  to  solutions  of  organic  com- 
pounds where  Cc  is  expected  to  follow  closely  the  desired  course  (Day  and 
Stein,  1951).  In  view  of  the  considerable  effort  being  expended  in  this 
direction,  it  is  hoped  that  the  determination  of  energy  absorbed  in  irra- 
diated liquid  systems  by  chemical  means  may  prove  feasible  and  thus 
contribute  to  satisfactory  dosimetry  in  cases  for  which  physical  methods 
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are  either  too  cumbersome  or  of  questionable  usefulness.  To  cite  an 
example,  a  chemical  method  that  could  distinguish  the  energy  absorbed 
from  the  components  of  a  mixed  beam  of  neutrons  and  gamma  rays  would 
prove  exceedingly  useful  both  in  practice  and  in  research. 

Analogous  comments  could  be  made  on  the  subject  of  radiation 
dosimetry  by  means  of  scintillators  (crystal  and  solutions),  which  have 
recently  commanded  the  attention  of  many  experimental  physicists 
because  of  their  sensitivity  and  their  potentiality  as  rather  crude  but 
very  convenient  spectrometers.  The  use  of  organic  scintillators,  e.g., 
naphthalene,  anthracene,  stilbene,  as  secondary  dosimeters  appears 
promising  as  a  result  of  prehminary  experiments  (Smeltzer,  1950;  Cassen 
and  Curtis,  1950;  Taylor,  1951)  with  roentgen  rays.  Investigations  Avith 
different  ionizing  particles,  however,  seem  to  indicate  that  the  light  emis- 
sion of  organic  crystals  per  unit  of  energy  loss  is  not  constant  under  all 
conditions  of  irradiation,  but  that  for  at  least  one  inorganic  crystal  (Nal) 
it  is  nearly  so,  irrespective  of  the  nature  of  the  ionizing  particle  (Jentschke 
et  al.,  1951).  Other  characteristics  of  scintillators  pertinent  to  their  use 
as  dosimeters  are  under  study. 

Although  ionization  in  dieletric  liquids  offers  the  decided  advantage  of 
greater  sensitivity  of  measurement,  the  method  has  not  received  wide 
support  because  of  the  practical  difficulties  experienced  in  ion  collection. 
This  is  due  to  low  ion  mobilities,  usually  of  the  order  of  10"^  cm/sec/volt/cm, 
and  to  the  high  probability  of  recombination.  An  exception  is  pro- 
vided by  liquid  argon  in  which  saturation  is  obtained  practically  "with 
electric  fields  of  the  order  of  10  kev/cm  as  contrasted  to  CS2,  for  example, 
in  which  only  about  75  per  cent  saturation  is  reached  with  fields  of  the 
order  of  75  kev/cm  (Davidson  and  Larsh,  1948;  Hutchinson,  1948; 
Mohler  and  Taylor,  1934).  The  use  of  liquid  argon  as  a  standard,  how- 
ever, is  precluded  not  only  by  the  inconvenience  of  the  low  temperatures 
required  but  also  by  the  fact  that  e^  would  generally  differ  markedly  from 
that  obtaining  in  biological  substances.  It  must  be  concluded,  therefore, 
that  the  future  of  dielectric  liquids  as  standard  media  for  ionization 
measurements  is  predicated  upon  the  discovery  of  a  liquid  organic  com- 
pound exhibiting  high  ion  mobihty  at  room  temperatures  and  of  atomic 
composition  representative  of  biological  systems;  for  obvious  practical 
reasons,  this  liciuid  should  produce  no  electrochemical  events  at  electrode 
surfaces. 

Measuremeiit  of  Dose  bij  Means  of  Ionization  in  Gases.  Ionization  in 
gases  has  proved  to  be  much  more  adapted  to  the  task  mainly  by  virtue  of 
the  ease  with  which  ions  can  be  collected  and  of  the  convenience  and 
reproducibility  which  characterize  the  measurements  of  ionization  cur- 
rents. This  was  recognized  soon  after  the  discovery  of  radioactivity  and 
X  rays;  Villard  (1908)  proposed  a  quantitative  unit  of  X-ray  intensity 
based  on  the  ionization  produced  in  air,  and  Szilard  (1915)  made  the 
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specific  proposal  of  employing  air  ionization  as  an  index  of  X-ray  dose  in 
biology. 

In  general,  the  ionization  produced  in  a  gas  by  charged  particles  is  pro- 
portional, within  wide  hmits  of  particle  energy  and  particle  mass,  to  the 
energy  absorbed  by  the  gas;  namely,  the  average  energy  W  expended  by 
an  ionizing  particle  per  ion  pair  formed  in  a  gas  is,  to  a  first  approxima- 
tion, a  constant  for  the  gas.  It  is  obvious,  therefore,  that  an  ionization 
measurement  can  express  the  energy  Dy  absorbed  per  unit  mass  of  a  gas  if 
the  average  energy  W  expended  per  ion  pair  formed  is  known,  since  in 
this  case 

D,  =  WJ  (2) 

where  J  is  the  number  of  ion  pairs  per  unit  mass  of  the  gas.  It  is  cogent 
to  ask  at  this  point  what  relation  D^,  as  measured,  bears  to  D  of  Eq.  (1), 
namely,  to  the  energy  absorbed  by  the  biological  object.  By  reasoning 
similar  to  that  followed  there, 

D,=F-er  el  (2a) 

where  F,  e^,  and  €„  retain  the  previous  meaning  and  ^  is  a  superscript 
indicating  their  pertinence  to  the  gas.  It  must  be  concluded  from  Eqs. 
(1),  (2),  and  (2a)  that  D  can  be  calculated  as 

D  =  J  ■  W  ■  ee  •  eje",  ■  el  (3) 

and  that,  in  principle,  D  is  determinable  directly  from  the  ionization 
,/  if  W  and  the  ratios  e^/e^  and  e^/e^  are  known.  Expression  (3)  is  of 
general  application,  whatever  the  type  of  radiation  encountered,  and  it 
is  an  implicit  statement  of  the  principle  underlying  dosage  calculations 
based  on  ionization  measurements. 

Relation  between  Dose  and  Exposure  in  Roentgens.  In  view  of  the  wide- 
spread use  of  the  official  radiological  unit — the  roentgen — it  is  desirable 
to  estabUsh  the  relation  between  this  unit  and  the  dose  in  ergs  of  energy 
absorbed  per  gram;  this  can  be  done  readily  by  the  use  of  Eq.  (2a).  It 
will  be  recalled  that  the  roentgen  is  defined  as  "the  quantity  of  X  or  7 
radiation  such  that  the  associated  corpuscular  emission  per  0.001293  g  of 
air  produces,  in  air,  ions  carrying  one  electrostatic  unit  of  quantity  of 
electricity  of  either  sign";  and  that,  in  the  terminology  adopted  here,  the 
coefficient  e^  of  Eq.  (2a)  is  obviously  equal  to  unity.  It  follows,  therefore, 
that 

„         TI^  X  ions  per  esu       5.18  X  10-^^  X  2.08  X  10^  _  ^o  .  ,,,^/^ 

^^  =  0001293 =  1.293  X  10"^  ^^^'^  ^'^'/^ 

• 
on  the  assumption  that  Tfair  =  32.5  ev  =  5.18  X  lO'i^  erg  for  all  electron 
energies  and  that  the  charge  of  the  electron  e  =  4.81  X  10"^°  esu. 
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As  a  consequence  of  Eq.  (3),  the  dose  D  for  any  biological  object  will  be 

Z)  =  83.4  X  roentgens  •  e„  •  e^/e^         ergs/g  (4) 

In  practice,  whenever  e„  can  he  considered  equal  to  unity  at  the  point  of 
interest,  the  dose  may  be  expressed  simply  as 

D  =  83.4  X  roentgens  X  ec/e",         ergs/g  (5) 

The  ratio  e^/e^  is  calculable  for  the  case  of  moderately  energetic  mono- 
chromatic X  rays,  since  the  conversion  of  photon  energy  to  electron 
energy  takes  place  by  means  of  the  well-known  Compton  and  photoelec- 
tric processes.  Figure  2-1  shows,  for  instance,  the  relation  83.4  X  ^c/^l 
for  "wet  tissue"  as  a  function  of  photon  energy  (Lea,  1946). 
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^  2  4     6   8  10        20       40  60    100 

PHOTON    ENERGY,    kev 
Fig.  2-1.   Energy  absorption  per  roentgen  in  "wet"  tissue  as  a  function  of  photon 
energy.     {Lea,  1946.) 

It  should  be  remembered,  however,  that  to  achieve  good  dosimetry  the 
experimenter  must  evaluate  e„  at  the  point  of  interest  in  the  biological 
material  or  its  equivalent  mock-up;  this  point  will  be  reconsidered  under 
the  section  of  practical  problems  of  "external"  dosimetry. 


EXPERIMENTAL  REALIZATION  OF  THE  ROENTGEN 

It  is  evident  from  Fig.  2-1  that  the  roentgen  follows  closely  the  energy 
absorption  in  most  biological  materials  within  the  X-ray  region  indicated 
and  that  the  lack  of  monochromaticity  present  in  radiations  available 
from  most  X-ray  apparatus  does  not  raise  uncertainties  of  serious  con- 
sequences in  biological  work.  It  is  not  surprising,  therefore,  that  since 
its  adoption  in  1928  the  roentgen  has  proved  to  be  of  great  value  in 
radiological  work  and  that  it  has  been  Retained  by  the  International  Com- 
mission on  Radiological  Units  (London,  1950)  as  the  unit  of  dose  in  the 
range  of  photon  energies  up  to  3  Mev  (Com.  on  Stand.  X-ray  Meas., 
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1934;  Fifth  Intern.  Congr.  Radiology,  1937;  Intern.  Com.  Radiological 
Units,  1951). 

Standard  Air-ionization  Chamher.  The  roentgen  may  be  realized  by 
means  of  the  conventional  ionization  chamber  shown  diagrammatically 
in  Fig.  2-2  (the  figure  is  drawn  out  of  proportion  in  order  to  emphasize 


h|i[mH1' 


Fig.  2-2.   Parallel-plate  standard  ionization  chamber. 

certain  essential  features).  The  chamber  proper  consists  of  a  flat  plate 
H  which  is  maintained  at  a  suitable  potential  by  a  battery  or  its  electronic 
equivalent.  The  ion  collector  C  is  connected  to  an  electrometer  of  such 
type  that,  when  in  operation,  C  is  maintained  at  ground  potential;  G,  G 
are  guard  plates  on  each  side  of  C  along  the  direction  of  the  beam. 

The  electric  field,  namely,  the  lines  of  force  between  H  and  the  three 
plates  G,  C,  G,  are  roughly  as  shown,  bulging  outward  at  the  ends  and 
gradually  becoming  parallel  at  the  center  of  the  chamber.  It  has  been 
found  experimentally  that  the  electric  field  between  a  pair  of  parallel 
plates  becomes  uniform  at  a  distance  from  the  ends  about  11 2  times  the 
plate  separation.  Hence  in  the  figure,  if  the  widths  of  the  guard  plates 
are  13^2  times  the  spacing  CH,  then  the  region  between  the  lines  aa'  will 
have  a  uniform  electric  field  (or  parallel  lines  of  force).  X  rays  in  passing 
between  the  plates  produce  fast  electrons,  which  in  turn  produce  ions  that 
are  drawn  to  the  plates  along  the  paths  of  the  force  lines;  it  is  therefore 
necessary  to  know  exactly  which  lines  terminate  on  the  grounded  guard 
plates  and  on  the  insulated  plate  C,  which  is  connected  to  the  electrometer. 

Since  there  must  be  a  finite  spacing  between  the  edges  of  plates  C  and 
G,  and  the  lines  of  force  are  supposed  to  be  parallel  in  these  regions,  the 
plate  C  has  an  effective  width  greater  than  its  actual  width  by  an  amount 
equal  to  half  the  gap  between  them.  The  effective  width  of  C  is  also 
affected  by  its  potential  with  respect  to  the  guard  plates,  being  that  given 
above  only  when  the  potential  of  C  is  the  same  as  G.  On  the  other  hand, 
according  to  whether  C  is  above  or  below  the  potential  of  G,  its  effective 
width  may  be  less  or  greater  than  the  correct  value.  This  is  caused  by 
field  distortion,  as  a  result  of  which,  owing  to  the  small  spacing  between 
C  and  G,  the  field  strength  may  be  comparatively  large.  In  accurate 
measurements  a  potential  difference  of  0.5  volt  between  guard  and  collec- 
tor spaced  0.5  mm  apart  may  introduce  a  noticeable  error  in  the  results 
even  though  the  field  strength  between  C  and  H  may  be  as  much  as  200 
volts/cm. 


152 


RADIATION    BIOLOGY 


In  order  to  maintain  the  collector  plate  at  the  same  potential  as  the 
guards  (earth)  during  measurement,  it  is  necessary  to  employ  a  null  or 
other  equivalent  current-measuring  device.  In  practice,  quartz-fiber  and 
vacuum-tube  electrometers  of  adequate  sensitivity  have  been  found  sat- 
isfactory (Taylor,  1931;  Failla,  1930). 

The  significant  volume  of  air  is  determined  by  the  product  of  the  area 
of  D  and  the  length  of  C  provided  (1)  that  the  distance  between  D  and  the 
proximal  side  of  C  is  equal  to  or  longer  than  the  range  of  the  most  ener- 
getic electron  liberated  by  the  X  ray  in  use  and  (2)  that  the  separation  of 
the  electrodes  C  and  H  is  sufficient  to  permit  the  recoil  electrons  e  to 
expend  their  total  energy  in  producing  ions  before  striking  the  plates. 
Since  the  flux  incident  on  the  area  of  the  aperture  D  traverses  the  cham- 
ber, the  fraction  converted  in  any  one  layer  dx  of  air  between  the  plates 
will  be  essentially  the  same  throughout  the  chamber  if  the  primary  pho- 
tons are  not  sensibly  reduced  in  number  in  their  path  through  the  cham- 
ber. This  will  be  true  irrespective  of  the  relative  size  of  the  umbral  and 
penumbral  portions  w  and  p  of  the  beam  limited  by  D  and  caused  by  the 
finite  size  of  the  source  F. 

Under  these  conditions  the  equivalent  of  the  total  ionization  produced 
by  the  corpuscular  radiation  associated  with  the  collecting  volume  (area 
of  diaphragm  X  C)  is  collected  by  the  system.  This  is  schematically 
shown  in  Fig.  2-3,  where  AB  and  A'B'  represent  the  paths  of  two  second- 


F  '  F 

Fig.  2-3.  Schematic  representation  of  electronic  compensation  in  the  standard  open- 
air  chamber. 


ary  electrons  ejected  from  the  air  at  points  A  and  A'  located,  respec- 
tively, at  equal  distances  from  the  planes  FF  and  F'F'  bounding  the  col- 
lecting volume  V  of  the  chamber.  It  is  obvious  from  the  figure  that  the 
ionization  produced  along  A'B' ,  but  not  collected  in  F,  is  compensated  by 
that  fraction  of  the  ionization  along  AB  which  is  produced  within  F. 
This  compensation  obtains  in  an  ordinary  X-ray  beam  when  the  elec- 
trons released  at  A  and  A'  are  identical  as  to  number  and  configura- 
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tion ;  these  requirements  are  met  in  a  statistical  sense  only  when  both  the 
flux  and  the  quality  of  the  X-ray  beam  remain  essentially  constant 
throughout  the  length  of  the  chamber.  For  the  case  of  low-energy  X  rays 
of  the  so-called  "Grenz"  (up  to  about  20  kev)  region,  these  requirements 
are  not  met;  however,  by  a  shghtly  modified  design  of  the  chamber  and 
proper  experimentation,  it  is  possible  to  make  adequate  corrections 
(Taylor  andStoneburner,  1932;  Day  and  Taylor,  1948;  Eddy  and  Farrant, 
1944).  Since  the  mass  of  0.001293  g  is  the  mass  of  1  gc  of  air  at  76  cm 
Hg  pressure  and  0°C,  the  significant  volume  must  be  reduced  to  those 
conditions  by  Charles'  and  Boyle's  laws.  In  further  satisfaction  of  the 
definition  of  the  roentgen,  X  rays  scattered  by  the  air  and  rescattered  by 
the  walls  and  plate  of  the  chamber  are  reduced  to  a  minimum  by  making 
them  of  material  of  low  atomic  numbers  such  as  carbon  or  aluminum. 
Following  out  the  procedure  given  above,  the  intensity  of  an  X-ray  beam 
as  measured  in  terms  of  roentgens  is  given  by  the  following  formula: 

r/sec  ^  iT  X  7Q0/laP  X  273  (6) 

where  i  is  the  current  to  the  collector  electrode  measured  in  electrostatic 
units,  I  the  effective  length  of  the  collector  electrode  in  centimeters,  a  the 
area  of  the  hmiting  diaphragm  in  square  centimeters,  T  the  absolute  tem- 
perature, and  P  the  atmospheric  pressure  in  millimeters  of  mercury. 

As  the  energy  of  the  photons  increases,  the  standard  air-ionization- 
chamber  method  of  determining  the  roentgen  presents  certain  difficulties, 
which  can  be  fully  appreciated  only  by  studying  the  literature  accumu- 
lated as  a  result  of  efforts  to  measure  accurately  in  roentgens  the  7  radia- 
tion emitted  by  radium  (Failla  and  MarineUi,  1937;  Friedrick,  1938; 
Kaye  and  Binks,  1938;  Taylor  and  Singer,  1940).  It  is  difficult,  for 
example,  to  design  a  diaphragm  system  which  deUmits  the  beam  accu- 
rately, and  it  becomes  very  expensive  to  construct,  and  very  awkward 
to  operate,  a  free-air  chamber  of  dimensions  adequate  to  ensure  full 
utilization  of  associated  electrons  and  collection  of  all  ions  produced  by 
them.  In  contrast  to  the  excellent  agreement  ( ±  1  per  cent)  found  by 
intercomparison  in  the  measurements  of  X-ray  radiation  in  roentgens  in 
several  laboratories  throughout  the  world  (Taylor,  1932),  the  experi- 
mental determination  of  dosage  rate  from  radium  with  free-air  chambers 
has  been  reported  only  twice  (Kaye  and  Binks,  1938;  Taylor  and  Singer, 
1940).  Although  the  agreement  between  them  may  be  considered  satis- 
factory, in  view  of  the  many  corrections  involved,  these  values  are  dis- 
tinctly lower  than  the  majority  of  the  results  obtained  with  the  "air- 
wall"  chamber  (White,  MarineUi,  and  Failla,  1940;  White,  1950)  (see 
p.  154),  and  the  lack  of  agreement  may  well  be  due  to  the  experimental 
difficulty  of  assessing  beyond  dispute  the  adequate  separation  of  the  elec- 
trodes. Thus  Kaye  and  Binks  (1938)  report  a  plate  separation  of  3 
meters  in  atmospheric  air  as  sufficient,  Taylor  and  Singer  (1940)  find  it 
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necessary  to  increase  it  to  the  equivalent  of  3.5  meters,  and  Failla  and 
Marinelli  (1937),  by  indirect  means,  find  that  compensation  is  hkely  to 
require  close  to  the  equivalent  of  4.1  meters  of  air  at  NTP.  As  a  con- 
sequence of  this  state  of  affairs  the  air-wall  chamber  has  been  used  almost 
exclusively  for  the  measurement  in  roentgens  of  7  rays  of  energy  above  a 
few  tenths  of  a  mega  electron  volt. 

Air-wall  Thimble  Chamber.  This  chamber  derives  its  name  from  what 
it  tries  to  accomplish,  namely,  to  surround  a  definite  mass  of  air  with  solid 
material  which  will  interact  with  photonic  as  well  as  corpuscular  radiation 
as  a  solid  layer  of  air  would.  Under  these  conditions  the  loss  in  ionization 
due  to  the  corpuscular  radiation  originating  in  the  air,  but  not  penetrat- 
ing the  chamber,  is  compensated  by  the  ionization  produced  in  the  air 
within  the  chamber  by  the  corpuscular  radiation  originating  in  the  walls 
(White,  1950;  Failla,  1950).  The  compensation  is  perfect  irrespective  of 
the  volume  of  the  chamber  if  the  wall  is  truly  air  equivalent  (in  atomic 
composition),  of  adequate  thickness,  and  subject  to  a  uniform  flux  of 
radiation.-     Under  these  conditions  e^"    =  e7^ 

Although  these  requirements  cannot  be  met  in  practice,  exhaustive 
analysis  (White,  Marinelli,  and  Failla,  1940;  Gray,  1928,  1936;  Laurence, 
1937)  has  proved  that  the  degree  of  compensation  can  be  calculated  with 
satisfactory  accuracy  if  (1)  the  walls  are  of  known  chemical  composition, 
comprising  elements  of  atomic  number  close  to  7 ;  (2)  the  linear  dimensions 
of  the  ionized  gas  volume  are  negligible  in  comparison  to  the  range  in  free 
air  of  the  ionizing  particles ;  (3)  the  walls  of  the  chamber  do  not  attenuate 
unduly  the  primary  radiation  but  are  thick  enough  so  that  further  increase 
in  thickness  does  not  change  the  number  of  ions  collected  in  the  air  vol- 
ume; (4)  the  distance  between  source  and  chamber  is  large  in  comparison 
to  the  outer  linear  dimensions  of  the  chamber;  and  (5)  the  corpuscular 
radiation  is  due  mainly  to  the  Compton  process.  When  these  require- 
ments are  met  it  is  possible  to  measure  7  radiation  in  roentgens  by  divid- 
ing the  experimental  value  of  the  volume  density  of  ionization  at  NTP 
(esu/cc)  by  a  correction  factor  B  of  the  form^ 

where  Zu,  and  Za  are,  respectively,  the  atomic  numbers  of  the  wall  and  of 
air,  and  J,  K,  and  L  are  functions  of  the  primary  photon  energy  and  of 
the  energy  loss  undergone  by  the  corpuscular  radiation  m  air.     Graphs 

2  Recent  investigations  on  stopping  powers  of  condensed  systems  seem  to  indicate 
that  this  is  not  strictly  true  under  all  circumstances  (see  p.  166). 

3  Condition  (2)  assumes  that  the  ionization  produced  by  the  7-ray  flux  in  the  gas 
of  the  cavity  is  negligible;  hence  the  total  ionization  in  the  chamber  is  due  to  the 
energy  conversion  occurring  in  the  wall  and  to  the  utilization  of  this  energy  in  the  air 
volume.  An  explicit  expression  for  B  in  terms  of  photon  energy  and  stopping  powers 
of  the  gas  and  wall  materials  can  be  obtained  by  comparing  Eqs.  (10a)  and  (10b). 
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of  these  functions  are  shown  in  Fig.  2-4  as  calculated  by  Laurence  (1937) 
for  monochromatic  radiations;  Fig.  2-5  shows  the  relation  between  B  and 
photon  energy  for  a  few  wall  elements;  and  Table  2-1  gives  the  values  of 
2  log  Zn,/Za  and  (2  log  Zu,/Za)'  for  several  materials  of  radiological  inter- 
est.    If  the  radiation  consists  of  a  number  of  monochromatic  hues  of 
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PHOTON    ENERGY,   Mev 
Fig.  2-4.   Values  of  coefficients  K,  J,  and  L  needed  for  the  evaluation  of  the  correction 
factors  of  a  thimble  chamber  (see  text). 
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Fig.  2-5.  Thimble  chamber  corrections  calculated  by  Laurence's  formula  (7)  (see  text ) . 

fractional  photon  intensities,  as  (photons  per  square  centimeter  of  energy 
E  divided  by  the  total  number  of  photons  per  square  centimeter),  then 

J  =  XueJe        K  =  ^asKs        L  =  Sa^Ls  (8) 

Similarly,  if  the  photon  radiation  consists  of  a  continuous  spectrum 
defined  by  dn  photons  per  square  centimeter  with  energy  between  E  and 
£  +  dE, 
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As  the  energy  of  the  photon  increases  above  a  few  miUion  electron 
volts,  the  range  of  the  ejected  electrons  increases  rapidly  to  distances 
comparable  to  the  mean  free  path  of  the  incident  photons.  Thus  at 
5  Mev  the  range  of  the  electron  in  air  is  about  7  per  cent  of  the  average 
mean  free  path  of  a  photon  of  equivalent  energy,  and  at  50  Mev  this 
range  increases  to  34  per  cent.  Besides,  at  higher  energies,  secondary 
electrons  begin  to  lose  some  of  their  energy  by  radiative  collisions  with 
nuclei,  namely,  by  the  creation  of  tertiary  photons,  and  the  ratio  of  the 
first  to  the  second  types  of  energy  loss  is  of  the  order  of  EZ/800,  where  E 
is  the  electron  energy  in  mega  electron  volts  and  Z  is  the  atomic  number  of 
the  material  traversed.  These  tertiary  photons  will  produce  de  novo 
other  corpuscular  radiation,  mostly  at  considerable  distance  from  the  site 
of  primary  interaction. 


Table  2-1. 


Correction  Factors  for  Thimble  Chambers 

[See  Eq.  (7)] 


Material 

Zlw 

2  log  Z^/Za 

(2  log  Z^/ZaY 

H 

1 
3 
4 
5 

6 

7 

8 

9 
11 
12 
13 
16 
(7.2) 

-3.948 

-1.752 

-1.176 

-0.730 

-0.364 

-0.052 

0.226 

0.446 

0.848 

1.022 

1.182 

2.786 

0 

-0.609 

-0.657 

-1.100 

-0.506 

1.088 

-0.624 

-0.61 

-0.54 

-1.26 

15.59 

Li 

3.07 

Be 

B                 

1.38 
0.53 

C                

0.13 

N 

0.00 

0 

0.05 

F                          

0.20 

Na                

0.72 

Me              

1.04 

Al 

1.40 

s 

7.73 

Air            

0 

Water 

(5. 

3) 

0.37 

Bakelite 

0.43 

Amber         

1.21 

Cellulose 

0.26 

Elektron  metal 

1.18 

Protein  materials 

0.387 

Skin,  muscle 

0.38 

Wood 

0.30 

Paraffin  wax 

1.59 
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Under  these  conditions  the  experimental  prerequisites  necessary  for 
the  measurement  of  radiation  in  roentgens  with  the  thimble  chamber 
become  difficult  of  attainment/ 

In  addition  to  these  obstacles,  the  roentgen  itself  loses  much  of  its 
sound  basis  as  a  unit  of  dose,  mainly  because  it  is  concerned  with  the 
energy  converted  at  a  certain  point  in  the  biological  medium  irrespective 
of  where  this  energy  is  utilized.  This  deficiency  is  not  serious  in  the 
low-  or  medium-energy  X-ray  range  since  the  electrons  produce  ioniza- 
tion very  close  to  the  point  at  which  they  are  emitted,  but  it  was  shown 
as  early  as  1937  by  FaiUa,  Twombley,  and  Marinelli,  and  later  by  others, 
that  the  situation  merited  attention  in  the  case  of  7  rays  from  radium. 
It  has  become  understood  (Fano  and  Taylor,  1950),  therefore,  that 
although  the  roentgen  as  defined  may  become  a  useful  index  of  radiation 
output  of  an  X-ray  machine  (measure  of  energy  converted,  i.e.,  F  ■  e,'), 
it  serves  no  purpose  as  a  general  index  of  energy  imparted  to  a  given 
region  of  the  irradiated  medium. 

MEASUREMENT  OF  DOSE  BY  MEANS  OF  CAVITY-IONIZATION  CHAMBERS 

Gamma  Rays.  The  evolution  of  the  air-wall  chamber  as  a  reliable 
instrument  for  the  measurement  of  X  and  7  radiation  in  roentgens  can 
be  traced  principally  through  the  contributions  of  Bragg  (1912),  Fricke 
and  Glasser  (1925),  Laurence  (1937),  and  Gray  (1928,  1936).  It  is 
mainly  through  the  efforts  of  Gray,  however,  that  its  adaptability  to 
the  measurement  of  energy  absorbed  in  a  medium  is  recognized  today. 
By  considering  first  the  rate  of  energy  loss  of  ionizing  particles  generated 
by  7  radiations  in  a  medium  and  the  ionization  that  results  in  a  gas  filhng 
a  small  cavity  in  the  medium  (the  experimental  conditions  being  prac- 
tically identical  to  those  stated  above  for  the  measurement  of  the  roent- 
gen), he  demonstrated  (1936)  that  the  energy  expended  per  unit  mass 
( /„  •  W)  in  the  gas  is  essentially  related  to  the  energy  D  absorbed  per  unit 
mass  in  the  solid  by  the  following  relation, 

D    =    Prn   ■   J,n   '    W  (10) 

where  J„,  is  the  number  of  ions  per  unit  mass  of  gas,  W  is  the  average 
energy  lost  by  an  electron  per  ion  pair  formed,  and  p,„  is  a  proportionality 
factor  independent  of  the  velocity  of  the  ionizing  particles,  which  can  be 
identified  as  the  ratio  of  the  mass  stopping  power  {&Z.J  o^  the  medium 
to  that  (^Lss)  of  the  gas  for  the  energy  of  the  particles  concerned.  ^ 

4  At  photon  energies  greater  than  the  binding  energy  of  the  neutron  in  the  nucleus — 
about  11.1,  16.3,  and  19  Mev  for  nitrogen,  oxygen,  and  carbon,  respectively— the 
situation  is  complicated  further  by  the  appearance  of  nuclear  reactions  and  by  the 
induction  of  radioactivity  in  the  irradiated  material.  All  the  quantitative  and  qualita- 
tive aspects  of  these  phenomena  are  not  known  with  great  accuracy ;  they  have  been 
found,  however,  rather  unimportant  at  the  relatively  low  voltages  investigated. 

8  pm  and  W  are  considered  here  strictly  independent  of  the  energy  of  the  particle. 
Although  experimental  data  are,  to  a  first  approximation,  consistent  with  this  assump- 
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From  the  foregoing,  it  becomes  clear  that,  under  appropriate  experi- 
mental conditions,  it  is  possible  to  recognize  in  the  general  expression  (3) 
the  following  relation:^ 

p™  =  C<J<-<  (10c) 

If  the  wall  of  the  chamber  is  adequately  thick  and  the  attenuation  of  the 
photon  flux  in  it  is  neghgible, 

e™  =  no'(o"«  +  o-m)         in  the  medium 
and  (lOd) 

e^  =  nl^<^a  +  T„)  in  the  gas 

where  aa  =  Compton  absorption  coefficient  (per  electron) 

Tm,  Ty  =  photoclectric    absorption    coefficient    (per    electron    in    the 
medium  and  in  the  gas,  respectively) 
rio"  =  number  of  electrons  per  unit  mass  in  the  medium 
n%  =  number  of  electrons  per  unit  mass  in  the  gas 

It  becomes  possible,  therefore,  to  measure  both  the  energy  flux  F  or 
photon  flux  l^hv  whenever  the  energy  of  the  primary  quanta  is  known 
since  Oa  and  r  are  well  established  by  theory  and  experiment.     The 


tion,  more  generally  the  following  average  should  be  considered, 


rhv 

j^m  I        <r{hv,Eo)Ea  dEo 


if  measurement  of  monochromatic  radiation  is  involved;  <r(hv,Eo)  is  the  differential 
electronic  cross  section  for  the  production  of  a  secondary  electron  of  energy  Eo  by  a 
quantum  of  energy  hv,  namely: 

aihv,Eo)  =  4.93  X  io-25a-2(i  -  f/ag  +  .P/'2otY  +  P/^g) 

where  a  =  hv/moC^;!  =  E^/hv;  g  =  \  -  /;  S^{E)  and  «"(£')  refer  to  stopping  power 
per  electron  of  energy  E  in  the  gas  and  in  the  medium,  respectively;  and  A'"  and  Nl 
are  the  number  of  electrons  per  unit  mass  in  the  two  media.  The  extent  of  the 
variation  of  Pm  with  energy  of  the  incident  photon  can  be  estimated  from  the  variation 
of  B  in  Fig.  2-5  since  essentially 

p„  =  N^/NIB  (10b) 

In  the  most  general  case,  when  both  p„  and  W  are  functions  of  energy  and  are  for 
heterogeneous  radiation,  the  following  expression  holds, 

iVr  y    T"  <^ihv,E)Eo  dEo 


JF=  '"^ 


I  \       /       cr{hv,E)  dEo  j 


dE 


where  the  summation  extends  to  all  photons. 

6  Comparison  of  Eqs.  (10a),  (lOcl,  and  (lOd)  will  show  that  for  the  case  of  a  vanishing 
cavity  composed  of  wall  and  filled  with  gas,  for  both  of  which  t  «  (r„,  the  ratio  6™/«2 
equals  the  ratio  of  the  integrals  of  expression  (10a). 
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expressions  are 

F  =  D/n'Q(aa  +  r,„)         in  terms  of  the  energy  absorbed  by  the  medium 
F  =  J  •  Wpm/nl{aa  +  Ty)         in  terms  of  the  ionization  measured  in  the 

gas 


F  = 


roentgens  X  83.4 


which  are  vahd  only  for  strictly  monoergic  radiation  since  (ca  -\-  t)  is  a 
function  of  quantum  energy.     The  photon  flux  is  obviously 

Nh.  =  F/hv 

The  energy  flux  F  and  the  photon  flux  A^;,^,  corresponding  to  an  exposure 
of  1  r,  as  a  function  of  photon  energy  are  shown  in  Figs.  2-6  and  2-7, 
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Fig.  2-6.  Energy  flux  per  roentgen  as  a  function  of  photon  energy. 
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respectively.  It  should  be  mentioned  at  this  point  that  recognition  of 
the  general  validity  of  Eq.  (10)  is  implicit  in  the  latest  International 
Commission  Recommendations  1951),  although  no  generally  accepted 
value  of  W  and  p^  as  variables  characterizing  the  radiation  have  been 
proposed  (see  pp.  165ff). 

An  excellent  method  leading  to  the  experimental  evaluation  of  pm  •  W 
for  electron  groups  of  widely  different  energy,  and  independent  of  the 
laws  of  conversion  of  photon  energy,  consists  in  the  measurement  of 
ionization  in  chambers  having  thick^  walls  containing  pure  /3-ray  emitters. 
In  this  case  the  energy  imparted  to  the  medium  can  be  calculated  from  a 
knowledge  of  the  radioelement  concentration  and  average  energy  E^ 
released  per  disintegration  (see  p.  167).  The  experiments  already 
reported  (Gray,  1949;  Sheppard  and  Abele,  1949)  are  consistent  with 
Gray's  principle,  although  the  precision  attained  is  somewhat  lower  than 
one  would  wish  to  find  in  standardization  measurements.  Since  most  of 
the  discrepancies  reported  include  errors  in  E^  and  in  the  absolute 
determination  of  the  disintegration  rate  of  the  radioelements  incorporated 
in  the  wall,  no  final  statement  can  be  made  as  to  the  variation  of  the 
product  Pm  •  W  with  electron  energy.  It  is  gratifying  to  know,  therefore, 
that  recently  greater  accuracy  in  the  standardization  of  radioactive 
sources  has  been  attained  by  the  use  of  absolute  methods,  such  as  At  count- 
ing (Sehger  and  Cavallo,  1951),  loss  of  charge  (Clark,  1950),  and  calorim- 
etry  (Cannon,  1950). 

A  question  raised  by  the  international  recommendations  and  not 
answered  by  the  method  just  described  is  the  determination  of  the  dose  at 
points  in  a  medium  closer  to  a  discontinuity  (such  as  a  boundary  charac- 
terized by  a  change  in  density  and/or  a  change  in  atomic  number  within 
the  medium)  than  the  range  of  fastest  electron  available.  Theoretically, 
if  the  hnear  path  of  the  electrons  in  the  ionized  gas  is  negligible,  Eq.  (10) 
still  applies,  provided  that  p,„  •  W  is  strictly  independent  of  electron 
velocity.  If  it  is  not,  pm  •  W  will  be  different  from  the  value  appropriate 
to  the  thick  and  homogeneous  wall  cavity  since  the  spectrum  of  electron 
velocities  would  not  be  expected  to  be  identical  in  both  cases.  From 
what  is  known  of  the  relative  stopping  power  in  hght  elements  (namely, 
it  does  not  seem  to  vary  greatly  with  the  speed  of  the  particle),  no  errors 
of  a  basic  nature  are  expected  in  this  extension  of  the  "cavity"  method. 
However,  the  experimental  conditions  necessary  for  the  accurate  deter- 
mination of  energy  absorbed  in  a  medium  may  not  prove  to  be  easily 
predictable  and  might  have  to  be  established  directly  according  to  the 
nature  of  the  problem,  by  extrapolation  to  zero  volume  or  pressure  (see 
p.  176).  Pending  a  clarification  of  this  state  of  affairs  it  is  to  be  hoped 
that  the  biologist  will  follow  as  much  as  possible  the  principle  of  conduct- 

7  That  is,  walls  of  thickness  greater  than  the  range  of  the  fastest  /3  particles  available. 
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ing  his  experiments  under  conditions  allowing  the  accurate  measurement 
or  calculation  of  energy  absorbed  in  his  material. 

Neutrons.  The  interaction  of  neutrons  with  matter  leads  in  general  to 
a  variety  of  nuclear  reactions  which  result  in  the  release  of  protons,  a  rays, 
and  7  rays  and  in  the  creation  of  radioactive  nuclei.  The  type  and  prob- 
ability of  occurrence  of  these  reactions  are  critically  dependent  on  the 
type  of  nucleus  and  on  the  energy  of  the  neutron  involved.  They  are  not 
expressible  in  simple  terms  of  such  general  properties  of  matter  as  density, 
mass,  atomic  number,  or  neutron  energy  as  is  the  case  for  electromagnetic 
radiation,  but  are  instead  available  as  empirical  graphical  relations  of 
total  probability  of  reaction  per  nucleus  per  neutron  per  square  centimeter 
as  a  function  of  neutron  energy  (Adair,  1950).  This  probability  has  been 
called  "total  cross  section."  Often,  when  alternative  types  of  reaction 
occur,  the  probability  of  occurrence  for  each  is  not  known  sufficiently  well 
to  permit  calculations  of  satisfactory  accuracy.  This  deficiency  in  basic 
knowledge,  acute  in  earlier  days,  led  to  the  provisional  adoption  of  an 
empirical  unit  of  dose,  the  n,  which  served  the  essential  purpose  of  provid- 
ing reproducibiUty  of  irradiation,  but  precluded  quantitative  comparison 
of  the  effects  produced  by  neutrons  to  those  produced  by  equal  doses  of 
other  types  of  radiation  (Aebersold  and  Anslow,  1946). 

Because  of  the  complicated  nature  of  neutron  reactions  it  is  more  con- 
venient to  express  the  dose  in  terms  of  neutron  flux  instead  of  energy  flux. 
Therefore,  the  dose  D  should  be  expressed,  in  general,  as 

u  —  Zjj  -iji^     e^     e„     th 

in  order  to  account  for  different  types  of  reactions  {if)  that  take  place 
between  nuclei  of  type  i  and  neutrons  of  energy  Ej.  At  points  where  the 
energy  imparted  to  the  material  is  identical  to  the  energy  converted, 
namely,  where  e  *j  =  1,  the  dose  may  be  expressed  as 


where 


D  =  ^i^^J:  (11) 


'■c 


in  which  n^  =  neutron  flux  in  neutrons  per  square  centimeter  character- 
ized by  energy  Ej 
7il  =  number  of  nuclei  of  type  i  per  gram  of  material 
ffii  =  cross  section  of  the  reaction  in  square  centimeters  per 
nucleus,    namely,    the   probability   that   the   reaction    ij 
occurs  when  a  flux  of  one  neutron  of  type  j  per  square 
centimeter  impinges  on  one  atom  of  type  i 
E^'  =  the    average    kinetic    energy    imparted    to    the    ionizing 
particle  or  particles  which  are  released  by  the  reaction  ij 
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In  particular,  whenever  the  neutron  nucleus  interaction  consists  of  elastic 
collisions*  only,  as  in  the  case  of  moderately  fast  neutrons  interacting  with 
most  light  nuclei  of  biological  interest,  the  dose  can  be  calculated  as 

D  =  Xj^iF^a'^ni^  (12) 

where  Fj  is  the  energy  flux.  To  a  first  approximation,  for  fast  neutrons 
on  tissue,  D  can  be  considered  the  result  of  ionization  due  to  recoil  nuclei 
of  hydrogen,  carbon,  oxygen,  and  nitrogen,  for  which  it  may  be  assumed 
that  E^'/Ej  =  2Ai/{l  +  Ai)^,  where  Ai  is  the  atomic  weight  of  atoms  of 
type  i.  Since  o-^'  values  for  these  elements  are  given  in  the  literature,  it  is 
possible  to  estimate  roughly  the  dose  when  neutron  beams  of  known 
composition  are  used  on  small  biological  systems,  for  it  may  then  be 
assumed  that  any  one  neutron  does  not  experience  more  than  one  collision. 

This  computational  approach  is  of  limited  usefulness  for  many  pur- 
poses, however,  and  the  problem  then  arises  as  to  how  to  best  measure  a 
neutron  dose.  In  principle,  this  can  be  done  by  the  cavity  method,  where 
the  fundamental  relation  D  =  pm  '  J  '  W  is  valid  whenever  the  ionization 
in  the  cavity  is  produced  essentially  by  particles  originating  in  the  walls 
(Gray,  1944;  Rossi  and  Failla,  1950). 

Difficulties  of  a  practical  nature,  however,  occur  in  selecting  a  volume 
of  linear  dimensions  small  compared  to  the  range  of  the  recoil  nuclei  since 
this  generally  will  be  very  small.  The  situation  can  be  circumvented  by 
using  a  gas  of  atomic  composition  identical  to  that  of  the  wall,  in  which 
case  the  only  limitation  on  its  size  is  that  the  neutron  intensity  be  sensibly 
constant  throughout  its  volume.  Rossi  and  Failla  have  simulated  the 
composition  of  tissue  (C5H40O18N)  by  a  mixture  consisting  of  gelatin  20.15 
per  cent,  glycerin  5.18  per  cent,  water  66.23  per  cent,  and  sucrose  8.43  per 
cent,  which  will  harden  into  a  resolvent  gel  if  about  0.5  per  cent  formal- 
dehyde is  added,  and  by  a  gas  mixture  having  the  following  composition 
(partial  pressure  in  centimeters  of  mercury):  CH4,  29.22;  H2,  50.12;  O2, 
48.96;  and  air,  3.53.  The  gas  mixture,  however,  is  explosive.  Such  a 
chamber  can  be  calibrated  by  exposing  it  to  7  rays  and  by  determining  the 
reading  R  corresponding  to  1  r.  This  corresponds  very  closely  to  93  ergs 
per  gram  of  tissue.  Since  for  a  tissue-equivalent  chamber  pm  =  1,  irre- 
spective of  the  type  of  ionizing  particle,  the  energy  absorbed  when  the 
reading  is  equal  to  L  can  be  calculated  as 

^  R       ^^       We 

where  the  subscripts  p  and  e  refer  to  protons  and  electrons,  respectively. 
To  a  first  approximation  Wp/We  may  be  assumed  to  be  equal  for  all 

*  Where  the  sum  of  the  kinetic  energies  of  the  neutron  and  the  nucleus  is  identical 
before  and  after  impact. 
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gases  and  equal  to  the  most  probable  ratio  in  air,  36/32.5  =  1.11.  We 
may  conclude,  therefore,  that  the  use  of  the  tissue-equivalent  chamber 
(both  gas  and  wall)  offers  the  advantage  of  requiring  a  minimal  number  of 
uncertainties  when  appUed  to  a  great  variety  of  neutron  fluxes  and  retains 
its  basic  usefulness  in  7-ray  measurements.  The  vahies  of  D  [as  expressed 
by  Eq.  (12)]  for  this  idealized  tissue  exposed  to  a  monoergic  flux  of  10^ 
n/cm^  is  shown  in  Fig.  2-8  as  a  function  of  neutron  energy. 
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Fig.  2-8.  Energy  absorbed  in  tissue  as  a  function  of  fast  neutron  fiux  of  various 
neutron  energies. 

In  conclusion,  the  cavity  ionization  chamber  with  walls  and  gas  closely 
following  the  atomic  composition  of  the  system  under  investigation 
appears  at  this  time  to  possess  definite  advantages  as  a  means  of  measur- 
ing doses  under  a  wide  variety  of  conditions.  The  accuracy  of  the  dose 
estimates  thus  obtained  depends,  however,  on  the  accuracy  of  the  physical 
constant  W  of  the  gases  used  in  the  cavity,  as  it  applies  to  all  types  of 
ionizing  particles  arising  from  neutron  interactions.  Although  a  properly 
constructed  tissue  wall  chamber  should  in  principle  prove  adequate  for 
the  measurement  of  dose  in  suitably  conducted  experiments  involving 
exposure  to  slow  and  thermal  neutrons,  no  experimental  attempts  of  this 
sort  have  been  described  thus  far.  There  exist,  instead,  numerous  pub- 
Ucations  (Mitchell,  1947;  Snyder,  1950;  Tait,  1949;  Capron,  Faes  and 
Tavernier,  1949)  dealing  with  calculations  correlating  dose  to  thermal- 
neutron  flux  and  only  limited  experimental  data  (Capron  et  at.,  1948)  con- 
cerning the  variation  of  thermal-neutron  flux  as  a  function  of  depth  in 
phantoms  of  sizeable  dimensions.  The  main  object  of  these  reports  has 
been  the  establishment  of  maximum  permissible  levels  of  exposure  for 
personnel  in  atomic  energy  laboratories.  In  practice,  personnel  exposures 
to  thermal  neutrons  are  being  estimated  by  means  of  photographic  nuclear 
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emulsions  properly  treated  with  deuterium,  lithium,  and  boron.  Fairly- 
reproducible  correlation  has  been  reported  between  flux  and  the  number 
of  tracks  developed  (Titterton  and  Hall,  1950). 

Experiments  dealing  with  the  biological  effects  of  thermal  neutrons 
have  not  been  many  and  they  invariably  have  been  reported  also  in  terms 
of  neutron  fluxes  measured  mostly  by  the  foil  technique  (Tittle,  1951)  fol- 
lowed by  conversion  to  dose  (in  roentgen  eciuivalents  physical,  rep) 
through  relations  similar  to  Eq.  (11)  of  this  section. 

The  factors  responsible  for  this  prolonged  infancy  of  neutron  dosimetry 
are  many  and  cannot  be  discussed  in  detail  here.  It  will  be  remarked, 
however,  that  they  seem  to  originate  mainly  from  the  pressing  needs  of 
personnel  protection,  which  has  fostered  the  development  of  neutron- 
measuring  techniques  characterized  more  by  economy  and  sensitivity 
than  by  adherence  to  principles  of  fundamental  significance  in  radiobiol- 
ogy.  The  fact  that  much  basic  radiobiological  information  remains  to 
be  obtained  by  direct  exposure  of  organisms  to  the  more  easily  available 
sources  of  X  and  7  rays  has  favored  this  tendency. 

Ionizing  Particles.  In  principle,  the  measurement  of  dose  due  to  par- 
ticle flux  by  means  of  the  cavity  ionization  chamber  is  of  simple  attain- 
ment. In  view  of  what  has  been  said  before,  the  expression  for  the  dose 
D  is  obviously 

D  =F  -eZ^  Jr.-W'  pm  (13) 

where  the  symbols  F,  e",  Jm,  W,  and  p,„  retain  their  previous  meaning. 
In  practice,  however,  large  errors  may  arise  in  the  measurement  of  J  if 
proper  attention  is  not  paid  to  extrapolation  of  the  cavity  to  zero  volume 
at  the  point  of  interest.  This  can  be  done  in  many  instances  by  means  of 
the  Failla  extrapolation  chamber  (Failla,  1937)  or  with  very  thin-walled 
chambers  of  minimal  dimensions  as  shown  by  Blomfield  and  Spiers  (1946) 
and  by  Neary  (1946). 

Calculation  of  the  dose  is  usually  complex  and  hardly  practicable. 
For  the  case  of  a  well-defined  beam,  containing  N{E)  particles  per  square 
centimeter  of  energy  between  E  and  E  +  dE,  striking  a  biological  object 
of  thickness  Ax  small  compared  to  the  range  of  the  least  energetic  particle, 
the  dose  D  is  given  by  the  expression 

N(E)^dE  (14) 

where  dE/dx  is  the  rate  of  energy  loss  per  unit  path  by  the  particles  in  the 
object  in  units  of  ergs  per  gram  per  square  centimeter.  It  is  obvious  that, 
except  for  monoergic  beams,  the  evaluation  of  the  integral  requires  long 
and  tedious  calculations  besides  a  knowledge  of  N{E).  To  avoid  this 
inconvenience,  the  estimate  of  Z>,„  can  be  made  by  ionization  measure- 


MEASUREMENT    OF   IONIZING    RADIATIONS  165 

ments  in  a  layer  of  air  of  equivalent  thickness  and  by  the  use  of  Eq.  (13), 
where  p,„  would  refer  to  the  ratio  of  the  stopping  power  of  the  object  to 
that  of  air.  To  be  at  all  vahd,  however,  the  ionization  measurement  must 
be  made  with  chambers  properly  designed,  namely,  with  walls  of  mini- 
mum thickness  and  light  supporting  structures.  These  should  be  placed 
as  much  as  possible  outside  the  beam  in  order  to  minimize  extraneous 
scattering  within  the  collecting  volume.  Examples  of  desirable  tech- 
niques will  be  given  later. 

Status  of  W  and  p™.  The  experimental  evidence  on  the  value  of  W  in 
any  one  gas  as  a  function  of  particle  mass,  charge,  and  energy  has  been 
reviewed  in  considerable  detail  by  Gray  (1944).  He  concluded  that  for 
electrons  of  energy  greater  than  0.3  Mev  the  most  probable  value  of  W  in 
air  is  a  constant  and  is  equal  to  32.0  ev,  and  that  below  0.3  Mev  there 
seems  to  be  a  steady  rise  in  W  with  diminishing  energy  until  at  1  kev  the 
value  is  probably  37  volts.  This  conclusion  should  be  revised  in  the 
light  of  recent  experiments  with  proportional  counters  reported  by  Cur- 
ran,  Cockcroft,  and  Insch  (1950)  to  the  effect  that  W  =  31.0  for  air  for 
electrons  of  5.6  kev  mean  energy  (/3  rays  from  H^).  These  authors,  more- 
over, consider  it  a  strong  probability  that  W  is  a  constant  for  any  one  gas 
from  0.5  to  30  kev  with  the  possible  exception  of  O2,  which  would  account 
for  a  slight  anomaly  in  air. 

The  determination  of  W  in  air  and  in  argon  as  a  function  of  energy,  for 
alpha  particles,  has  been  the  object  of  recent  studies  by  Jesse  and  collab- 
orators (1950)  and  a  general  review  by  Bethe  (1950).  Bethe  concludes 
that  the  bulk  of  the  experimental  evidence  bearing  on  the  problem  dem- 
onstrates that  (1)  the  ionization  in  argon  is  strictly  proportional  to  energy 
absorbed,  namely,  that  W  is  constant  irrespective  of  the  energy  and  of  the 
type  of  the  ionizing  particle  (H^  H^  He^,  L-,  C^^) ;  (2)  in  view  of  the 
earUer  experiments  of  Gurney  (1925)  W  should  be  considered  independent 
of  energy  also  for  the  other  noble  gases;  (3)  the  anomaly  of  W  in  air  for 
protons  and  a  particles  is  to  be  considered  real  and  that  it  amounts  to 
about  16  per  cent  in  the  a  range  of  0  to  5  Mev;  and  (4)  there  are  good 
reasons  to  believe  that  W  has  the  same  value  in  any  one  gas  for  either  H^ 
or  He"*  of  the  same  velocity.  In  view  of  the  recent  experimental  methods 
used,  the  question  might  be  raised  as  to  whether  the  anomaly  of  W  in 
air  and  O2  is  real  or  caused,  either  wholly  or  in  part,  by  the  well-known 
experimental  difficulties  of  obtaining  "saturation"  conditions  with 
a  particles  in  air  and  of  eliminating  the  effect  of  electron  attachment 
to  molecular  oxygen  or  methane  in  proportional  counters  triggered  by 
electrons.  The  lack  of  discussion  on  this  point  in  the  most  recent  reports 
leaves  the  question  open,  despite  the  fact  that  the  results  obtained  in  air 
by  Gurney  (who  has  made  positive  statements  on  the  subject  of  satura- 
tion) have  been  essentially  confirmed  by  Jesse  and  collaborators. 

Since  the  ratio  pm  of  the  stopping  powers  of  the  medium  and  of  the  gas 


166  RADIATION   BIOLOGY 

is  also  one  of  the  necessary  constants  in  the  evaluation  of  dosage,  it  might 
be  well  to  call  attention  to  some  recent  developments. 

Since  the  theory  of  the  stopping  power  breaks  down  at  low  velocities 
and  it  seems  unlikely  to  be  improved  in  that  region,^  particularly  because 
of  electron  capture  and  loss  by  slow-charged  particles  (Bethe,  1950),  it 
seems  rather  urgent  that  in  addition  either  W  or  pm,  or  preferably  the 
prodvict  Pm  X  W,  be  determined  experimentally  for  recoil  nuclei  of  bio- 
logical interest  (H^  C^",  N^^,  0^")  in  gas  mixtures  simulating  tissue  com- 
position. The  situation  calls  for  more  than  academic  interest,  since 
comparison  of  the  careful  data  of  Rossi  (1949)  on  uranium  a  particles 
with  those  of  Curran  et  at.  (1950)  with  ^  rays  of  H^  show  excellent  agree- 
ment in  the  ratio  Wx/W^ii  only  for  the  components  of  air  (as  is  to  be 
expected)  but  wide  variation  (up  to  19  per  cent)  in  polyatomic  gases  of 
atomic  composition  different  from  air.  The  difficulty  of  determining 
D  =  JpmW  cannot  be  resolved  simply  by  making  p„  =  1  by  the  proper 
choice  of  gas  mixture  since  the  variation  of  Wx  in  this  gas  mixture  as  a 
function  of  energy,  mass,  and  charge  of  the  ionizing  particle  would  have 
to  be  determined  de  novo.  The  alternative  remains  of  choosing  a  noble 
gas  such  as  helium  (for  which  W  is  supposedly  constant  for  all  ionizing 
particles  of  any  energy)  and  of  determining  the  stopping  power  ratio  pm 
with  respect  to  it.  This  procedure  does  not  avoid  the  tedious  and  pains- 
taking task  of  determining  the  ratio  of  stopping  power  between  a  gas  and 
a  solid  and,  therefore,  does  not  promise  immediate  advantages  since  it 
would  make  the  linear  dimensions  of  the  cavity  of  critical  importance  in 
many  measurements. 

Finally,  the  stopping  power  of  matter  for  high-speed  particles  (elec- 
trons >  1  Mev,  mesons  >  200  Mev)  is  considered  to  be  affected  by  the 
polarization  in  soUd  media.  The  theoretical  corrections  predicted 
(Halpern  and  Hall,  1948;  Fermi,  1940;  Wick,  1943)  seem  to  have  found 
substantiation  in  experiments  (Hereford,  1948;  Bowen  and  Roser,  1951) 
recently  reported.  It  seems  evident,  therefore,  that  the  values  of  p„  (or 
B)  as  derived  from  the  Bethe-Bloch  formulas  by  Laurence  should  be 
reconsidered  and  checked  experimentally  under  those  conditions  of 
irradiation  which  are  of  interest  to  the  biologist. 

Of  immediate  interest  to  this  topic  also  is  the  finding  by  Appleyard 
(1951)  that  the  relative  stopping  power  of  liquid  water  for  a  particles  of 
4  to  5  Mev  energy  is  about  13  per  cent  greater  than  that  calculated  on  the 
basis  of  its  atomic  constitution  and  that,  for  the  same  radiation,  W^o 
(vapor)  is  0.88Tfair  (Appleyard,  1949). 

DOSE  FROM  RADIOELEMENTS  DEPOSITED  IN  BIOLOGICAL  SYSTEMS 

Beta-ray  Emitters.     The  irradiation  of  biological  or  chemical  systems 
by  /3-ray  emitting  elements  deposited  therein  offers,  sometimes,  practical 
9  See,  however,  Neufeld,  1950. 
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advantages  and,  in  special  cases,  offers  also  the  possibility  of  clarifying 
particular  aspects  of  the  action  of  the  radiation. 

In  principle,  if  the  source  is  present  in  uniform  concentration,  C,  in 
homogeneously  absorbing  media,  the  dose  (ergs  per  gram),  at  points  in 
the  medium  removed  from  the  surface  by  distances  efjual  to  or  greater 
than  the  range  of  the  fastest  ionizing  particle,  is  equal  to  the  /3-ray  energy 
emitted  by  the  radioelement  contained  in  1  g  of  the  medium. 

The  total  dose  D^  due  to  the  complete  disintegration  in  situ  of  the 
radioelement  is  then  given  by 

D,  =  K,C         ergs/g  (15) 

where  K^  =  73OOE0T,  T  is  the  half-life  of  the  isotope  in  days,  and  E^ 
is  the  average  /3-ray  energy  in  mega  electron  volts  per  disintegration 
(Marinelli,  1942;  Marinelli,  Brinckerhoff,  and  Hine,  1947;  Marinelli, 
Quimby,  and  Hine,  1948;  Marinelli,  1949;  Failla,  Rossi,  Clark,  and  Baily, 
1947).  The  term  Kg  gives  the  dose  directly  in  ergs  per  gram  for  each 
microcurie  completely  destroyed  within  1  g  of  medium.^" 

From  this  formula  others  can  be  easily  derived.  Thus  for  any  interval 
of  time  t  the  dose  d^{t)  is  proportional  to  that  fraction  jd  of  atoms  dis- 
integrated during  that  time,  namely, 

d^)  =  Dfffd  =  Dffil  -  e-o.693*/r)  (16) 

This  equation  can  be  conveniently  written  as 

d&  =  5060EiiC         ergs/g/day  (17) 

when  the  half-life  of  the  isotope  is  greater  than  35  days,  or 

d^  =  211  EpC         ergs/g/hr  (18) 

when  the  half-life  of  the  isotope  is  greater  than  35  hr,  since  the  value  of  dp 
will  then  be  correct  to  better  than  1  per  cent.  For  the  convenience  of 
the  reader,  E^  and  T  pertaining  to  some  biologically  useful  isotopes  are 
given  in  Table  2-2. 

It  should  be  realized  immediately  that  these  formulas  are  of  very 
limited  value  in  the  estimation  of  doses  resulting  from  the  irradiation  of 
small  organisms  in  vessels  of  dimensions  comparable  to  the  range  of  the 
fastest  ^  particle,  in  small  organs  of  laboratory  animals,  or  in  systems 
exhibiting  "spotty"  distributions.  It  should  be  realized  also  that  it  is 
impossible  to  give  in  concise  form  corrections  applicable  to  the  numerous 
conditions  of  irradiation  that  are  apt  to  be  applied  in  practice.  Several 
references  are  available  in  the  literature,  and  the  reader  is  referred  to 

'"  For  systems  in  which  the  isotope  is  excreted,  the  "effective"  half-life,  Teti,  in  the 
system  should  be  used  instead  of  T.  For  exponential  excretion,  dC/dT  =  —\bC, 
Teit  =  TTb/iT  -  Tb),  where  Tb  =  0.693/X6  and  T  is  the  physical  half-life  of  the 
isotope. 
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Table  2-2.  Physical  Data  Pertaining  to  Radiation  Dosage  Resulting  from 
Radioelements  Deposited  in    Biological  Systems 


Z 


1 
6 
II 
11 
15 
16 
19 
20 
25'" 
26* 
26 
27 
29 
30^ 
33 
35 
38 
38 
39 
53 
53 
79 


Ele- 

1 
A 

ment 

H 

3 

C 

14 

Na 

22 

Na 

24 

P 

32 

S 

35 

K 

42 

Ca 

45 

Mn 

52 

Fe 

55 

Fe 

59 

Co 

60 

Cu 

64 

Zn 

65 

As 

76 

Br 

82 

Sr 

89 

Sr 

90 

Y 

90 

I 

130 

I 

131 

Au 

198 

Radiation 


r,o 

r,o 
r,o 

r,y 

/3-,0 

K,0 

li~,y 

^-,y 

^+/3-A',0 

(i^,K,y 

li~,y 

p-,y 

r,o 
r,o 
ti-,0 

r,y 

/3-,7 

r-y 


Half  life,  days 


4.49  X  10^ 
2,03  X  10« 
950 
0.62 
14.3 
87.1 
0.516 
152 
5.8 
1060 

46.3 
1940 

0 .  535 
250 
1.09 
1.48 
53 
8800 
2.7 
0.525 
8.0 
2.69 


E^,  Mev 


0.0057 

0.053 

0.21 

0.54 

0.69 

0.056 

1.40 

0 .  084 
0.085  +  0.004 
0.000  +0.0052 

0.130 

0.099 

0.120 

0.01 

1.06 

1.48 

0.56 

0.20 

0.87 

0.280 

0.200 

0.282 


I-, 


13.2 
19.1 


1.95 

19.5 

[10]<= 

6.55 
13.5 

1.2 
.0  +  [5] 

2.2 
15.1 


13.0 

2.4 
2.4 


Range" 


0.007 
0.2 
2.1 
6.4 
8.0 
0.2 
19.0 
0.6 
2.2 

1.5 

0.8 

2.6 

1.2 
15.7 

9.4 

7 

2. 
11.0 

4.5 

2. 

3. 


.0 

.2 


.2 
,8 


"  Range  of  the  most  energetic  13  particle  in  millimeters  of  water. 
''  In  these  elements  E^  includes  the  energy  of  the  localized  X  radiation  following  K 
capture. 

"  Values  of  ly  in  brackets  pertain  to  the  emission  of  iv-capture  X  rays. 


them  for  computational  details  on  special  problems  (Richards  and  Rubin 
1950;  Rossi  and  Ellis,  1950;  Bush,  1949;  Oddie,  1951;  Loevinger,  1950). 
Final  judgment  as  to  the  correctness  of  the  published  results,  however, 
must  await  the  experimental  determination  of  the  ionization  in  a  light, 
homogenous  medium  as  a  function  of  distance  from  a  point  source 
emitting  /3  radiation  over  a  rather  wide  range  of  energy,  since  in  the  refer- 
ences mentioned,  use  has  been  made  of  simplified  versions  of  /3-ray  energy 
loss  through  matter.  Although  the  fundamental  mechanisms  involved  in 
this  loss  are  well  understood,  the  actual  computations  become  unmanage- 
ably complicated  when  attempts  are  made  to  account  for  the  combined 
effect  of  stopping  power,  of  i8-ray-energy  spectral  distribution,  and  of 
multiple  scattering.  Two  types  of  experiments  have  been  performed  to 
determine  empirically  the  jS-ray  ionization  as  a  fimction  of  distance  from 
a  point  source  (Brar,  Clark,  Marinelli,  1950;  Loevinger,  1950;  Munick 
and  Clark,  1950).  Unfortunately,  for  the  case  of  P^^ — the  only  isotope 
measured  by  both  methods — the  results  do  not  agree,  and  hence  the 
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whole  question  must  be  kept  in  abeyance."  It  is  felt,  however,  that, 
although  probably  not  very  precise,  the  published  calculations  remain 
very  valuable  in  estimating  doses  under  certain  conditions.  These 
limitations  have  been  amply  discussed  by  the  various  authors. 

For  the  convenience  of  the  reader  some  geometries  will  be  illustrated 
by  examples  in  which  the  variation  of  /3-ray  ionization  with  distance  is 
assumed  to  be  a  function  of  distance  and  an  "absorption  coefficient." 

Spherical  geometries  have  been  considered  extensively  by  Bush  (1949), 
Rossi  and  ElHs  (1950),  and  Oddie  (1951).  The  results  of  their  computa- 
tion can  be  summarized  concisely  by  considering  a  sphere  of  radius  a  and 
a  point  at  a  distance  b  from  the  center.  If  the  sphere  of  unit  density 
material,  of  radius  a,  contains  a  concentration  of  C  fic  per  gram  of  radio- 
element,  the  radiation  of  which  is  absorbed  exponentially  according  to  a 
coefficient  /i,  then  the  dose  8^  at  a  distance  from  the  center  can  be  calcu- 
lated as 

d,  =  Dff-  g^  (19) 

where 

f  M~'"' 
<"  =  j.  4^-- ''" 

which  is  the  integral  of  the  contributions  of  elements  dv  in  the  sphere 
located  at  a  distance  r  from  the  point  of  interest.  The  factor  g  may  be 
considered  as  the  geometrical  factor  of  the  distribution  itself  for  the 
point  in  question  and  retains  its  meaning  in  any  configuration.  Whenever 
the  dose  rates  per  hour  or  per  minute  are  desired,  the  values  of  d^  in 
Eqs.  (16),  (17),  and  (18)  are  substituted  for  D^  directly  into  Eq.  (19). 
Values  of  g  for  spheres  can  be  computed  by  means  of  Table  2-3  (Oddie, 
1951)  if  the  absorption  coefficient  /x  of  the  radiation  is  known.  The  table 
is  of  general  use  since  the  distance  ^  =  b/a  is  expressed  as  a  fraction  of 
sphere  radius  and  the  radius  is  in  units  of  the  "relaxation  length,"  l//x. 
By  relaxation  length  is  meant  the  distance  within  which  a  parallel  beam 
of  radiation  is  reduced  to  1/e  of  its  former  value.  Values  of  l/n,  as 
given  by  Rossi  and  Ellis  (1950),  are  shown  by  the  dotted  fine  in  Fig.  2-9. 
For  the  case  of  irradiation  of  chemical  compounds  or  microorganisms,  the 
average  energy  absorbed  within  the  sphere  becomes  a  parameter  of  special 
importance.     In  this  case  the  geometrical  factor  becomes  (Bush,  1949) 

11  Analysis  by  Loevinger  (l050)  of  the  ionization  resulting  at  different  distances  from 
uniform  plane  distributions  of  fi  emitters  shows  that,  to  about  one-half  of  the  maximum 
range,  the  ionization  from  a  /3-emitting  point  source  can  be  expressed  as 

/(r)    ex  r-2         for  0  <  r  <  1 
and 

f(r)   oc  r-igi"''  for  r  >  1 

where  r  is  the  distance  from  the  source  in  relaxation  lengths  (1/m)  for  the  radiation  in 
question.     Values  of  l//x  pertaining  to  this  type  of  variation  are  expressed  as  a  func- 
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g^  (average)  =  (1  -  e"")  I  1  -  -r: 


r         3        3e-^°    ^    3(1 
L  4a  4q!^ 


-2a^ 


8 


a 


(19a) 


where,  as  for  Table  2-3,  oc  =  /xa,  namely,  the  radius  expressed  in  relaxa- 
tion lengths. 
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Fig.  2-9.  Relaxation  lengths  (1/m)  in  millimeters  of  water  as  a  function  of  energy 
of  ionizing  radiation.  /3-ray  energy  refers  here  to  the  maximum  energy  of  )3-ray 
spectrum. 


tion  of  the  maximum  energy  E^s  of  the  /3-ray  spectrum  in  Fig.  2-9  by  the  broken  line 
marked  "Loevinger."  The  equation  representing  this  line  is  m"'  =  0.52£'o^,  where 
)u~'  is  in  millimeters  of  H2O  and  Ets  is  in  mega  electron  volts. 

Preliminary  experiments  by  the  Argonne  Group  (Brar,  Clark,  and  Marinelli, 
1950;  Munick  and  Clark,  1950),  on  the  other  hand,  show  that,  for  P^^  at  least,  the 
ionization  function  in  free  air  could  be  represented  approximately  by 

/(r)  =  Kr-KR  -  r) 

where  72  is  approximately  two-thirds  the  theoretical  range  of  the  most  energetic  /3  ray 
and  K  is  a  constant. 
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Table  2-3.  Calculated  Values  of  Geometric  Factor  g  for  Spheres 


Distance 

Radius 

of  sphere 

in  relaxation  lengths, 

a   =  fxa 

/3  =  h/a 

0.1 

0.2 

0.5 

1 

2 

5 

10 

0 

0.095 

0.181 

0.394 

0.632 

0.865 

0.993 

1.000 

0.2 

0.094 

0.179 

0.388 

0.625 

0.857 

0.992 

1.000 

0.4 

0.090 

0.172 

0.372 

0.601 

0.833 

0.984 

1.000 

0.6 

0.083 

0.158 

0.343 

0.556 

0.783 

0.964 

0.997 

0.7 

0.078 

0.148 

0.320 

0.522 

0.741 

0.940 

0.992 

0.8 

0.071 

0.135 

0.293 

0.476 

0.681 

0.894 

0.975 

0.9 

0.062 

0.118 

0.254 

0.410 

0.586 

0.794 

0.912 

1.0 

0.047 

0.088 

0.184 

0.284 

0.377 

0.450 

0.475 

1.02 

.    .   •   •   • 

0.313 

0.264 

1.05 

0.250 

0.216 

0.145 

1.1 

0.032 

0.057 

0.118 

0.166 

0.183 

0.129 

0.062 

1.2 

0.025 

0.046 

0.088 

0.114 

0.110 

0.053 

0.014 

1.3 

0.004 

1.5 

0.014 

0.025 

0.043 

0.047 

0.032 

0.006 

0.000 

2.0 

0.007 

0.012 

0.017 

0.015 

0.006 

0.000 

2.5 

0.004 

0.007 

0.008 

0.006 

0.001 

3.0 

0.003 

0.004 

0.006 

0.002 

0.000 

One  consequence  of  Eq.  (19a)  is  that  the  average  dose  within  spheres, 
up  to  radii  of  one  relaxation  length,  is  given  very  closely  by 

5^  (average)  =  0.75Z)^(1  -  e'")         a  <  I 

and  that,  in  a  medium  of  concentration  Ci,  for  a  small  spherical  organism 
having  a  uniform  concentration  C-2  of  the  same  isotope,  the  average  dose 
can  be  calculated  as 

5^  (average)  =  K^[C^  +  0.75(C2  -  Ci)(l  -  e"")] 

Plane  geometries  are  also  frequently  encountered  in  radiobiological  experi- 
ments. They  have  been  dealt  with  in  considerable  detail  by  Rossi  and 
Ellis. 

Of  general  interest  is  the  dose  at  a  distance  h  from  one  surface  of  an 
infinite  slab  of  thickness  t,  both  expressed  in  relaxation  lengths  for  the 
particular  /3  radiation  under  consideration.  For  t  =  =o  the  geometrical 
factor  g^  is 


g? 


anc 


=  yile-^  +  hE,{-h)\         outside  the  slab 
g0  ^  \  —  >^[e~''  +  hEi(  —  h)]         inside  the  slab 


where 


E,(-h)  =  /; 


e  T 


dr 


This  integral  has  no  algebraic  expression  but  has  been  tabulated  exten- 
sively (AVPA,  1940).     For  any  other  thickness  t  of  the  slab,  expressed  in 


172  RADIATION   BIOLOGY 

relaxation  lengths, 

gl  =  H[e^"  +  hEi{-h)]  +  y2[e-'+'  +  {h  +  t)Ei{-h  -  t)]         outside 

the  slab 
and 

gi  =  l-gl-  y2[e+'-'  +  {t-  h)ES  -  h)]  inside  the 

slab 

Finally,  for  an  infinite  thin  plane  source  of  C  /xc/cm^  the  dose  at  a  distance 
of  h  relaxation  lengths  will  be 

Particular  difficulties  are  presented  by  "spotty"  distributions  of  /3 
emitters  in  tissues.  In  general,  even  for  the  case  of  well-defined  point 
distributions,  the  computational  approach  is  at  best  cumbersome  and 
inaccurate.  An  experimental  approach,  profusely  applied  in  metabolic 
problems  but  insufficiently  explored  for  the  purpose  of  |8-ray  dosimetry,  is 
represented  by  the  autoradiographic  technique  (Pelc,  1951;  Lamerton 
and  Harriss,  1951;  Dudley  and  Dobyns,  1949;  Miller  and  Hoecker,  1951). 
Despite  the  shortcomings  of  the  development  process  of  photographic 
emulsions,  this  technique  seems  to  possess  the  fundamental  prerequisite 
of  completeness  as  far  as  geometrical  information  is  concerned.  An 
excellent  start  in  this  direction  has  been  made  by  Dudley  and  Dobyns 
(1949)  by  the  use  of  thick  tissue  sections  on  emulsions.  In  order  to  cor- 
relate film  opacity  to  dose,  these  authors  use  thick  sources  of  known  dis- 
integration rate  containing  the  radioelement  in  material  of  atomic 
number  comparable  to  that  of  the  tissue.  Calculation  of  the  dose 
effective  on  the  film  from  the  source  is  carried  out  by  means  of  formula 
(16).  Another  example  of  the  application  of  autoradiography  to  dosim- 
etry is  the  careful  work  of  Miller  and  Hoecker  (1951)  on  the  a-ray 
dosimetry  of  radium  deposited  in  bone. 

Of  special  interest  to  the  biologist  investigating  the  microdosimetric 
aspects  of  radiobiological  action  will  be  the  volumetric  limit  beyond 
which  the  term  "dose"  loses  its  significance.  It  can  be  readily  verified 
that  the  expenditure  of  16  ev  (roughly  the  energy  required  to  create  an 
ion  pair)  within  a  sphere  of  15  m^u  diameter  (roughly  the  ion  separation) 
corresponds  to  a  dose  of  the  order  of  10^  r  within  the  sphere.  It  would 
seem  that  as  the  linear  dimensions  of  the  region  of  interest  approach  this 
limit,  the  concept  of  continuity  of  dose  must  be  abandoned  in  favor  of  a 
description  in  terms  of  discrete  localized  energy  transfers  to  supposedly 
significant  chemical  or  biological  entities  within  the  region. 

Gamma-ray  Emitters.  At  a  given  point  the  total  dose  Dy  due  to  7  rays 
emitted  by  the  complete  disintegration  of  a  radioelement  biologically 
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stable  and  present  in  a  vniiform  concentration  of  C  txc  per  gram  of  mate- 
rial is  given  by  (Marinelli,  Qiiimb}^,  and  Hine,  1948) 

D-y  =  KyCgy         roentgens 

where 

Ky  =  IAU-  ly-  10-^  (20) 

and  where  Ky  expresses  the  number  of  roentgens  at  1  cm  distance  in  air 
due  to  the  complete  disintegration  of  an  unfiltered  point  source  of  1  ^c,  t  is 
the  half-life  in  hours,  and  ly  is  the  7-ray  dose  rate  in  roentgens  per  hour 
at  1  cm  in  air  from  an  unfiltered  source  of  1  millicurie.  Values  of  ly  are 
incorporated  in  Table  2-2.  The  quantity  Qy  is  the  geometrical  factor 
given  by  the  volume  integral 

where  /x  is  the  coefficient  of  absorption  of  the  7  radiation  in  the  medium. 
Recalling  the  analogous  expression  assumed  for  the  case  of  /3  radiation,  it 
is  obvious  that 

gy  =  ^-KQ^Ip.  '  (21) 

It  is  to  be  concluded,  therefore,  that  the  expressions  for  g  derived  for  jS 
radiation  can  be  used  with  the  aid  of  expression  (21)  for  the  calculation 
of  7-ray  dose  in  roentgens  provided  that  the  linear  parameters  are 
expressed  in  relaxation  lengths  (1/m)  appropriate  to  the  photon  energy 
under  consideration.  These  are  plotted  in  Fig.  2-9  and  have  been 
calculated  in  millimeters  of  water  as  l/iVo(T  +  o-a),  where  r  and  Oa  are  the 
photoelectric  and  true  Compton  absorption  coefficient  per  electron  and 
A^^o  is  the  number  of  electrons  per  0.1  ml  of  water.  The  procedure,  as  a 
matter  of  fact,  is  much  more  justified  in  the  case  of  7  radiation  because 
the  absorption  coefficient  \x  has  here  a  much  more  definite  meaning  than 
for  the  case  of  ^  radiation.  Whenever  the  dose  D\  is  to  be  expressed  in 
ergs  per  gram,  then 

where 


D;  =  K',Cg\         ergs/g  (21a) 


In  this  expression  T  is  the  half-life  in  days  and  Ey  is  the  average  7-ray 
energy  in  mega  electron  volts  per  disintegration.  The  expression  for 
g'^^  in  this  case,  is  identical  to  that  of  g^  provided  that,  as  above,  the  linear 
parameters  are  expressed  in  the  proper  way.  If  the  7  radiation  is  com- 
posed of  several  7  rays,  each  occurring  on  the  average  pi  times  per  dis- 
integration, the  expression  for  D'^  will  become  obviously 

^7  =  C'  2  P^^^y'^'^^^y        ergs/g 

i 

where  K'y{i)  and  g' Ji)  refer  to  each  single  monochromatic  component. 
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Inaccuracies  due  to  Compton  scattering  may  be  expected  for  the  case  of 
large  objects;  in  this  case,  however,  direct  verification  of  the  dose  by 
direct  experimentation  with  ionization  chambers  in  suitable  mockups 
presents  no  particular  difficulty.  In  any  event,  the  experimenter  dealing 
with  multiple  7-ray  sources  may  avoid  considerable  computational  effort 
by  arranging  his  experimental  conditions  of  irradiation  to  conform  with 
the  geometrical  arrangements  described  in  the  extensive  literature  cover- 
ing the  subject  of  7-ray  dosimetry  as  applied  to  radium  therapy  (Mayne- 
ord,  1950;  Wilson,  1945). 

PRACTICAL  ASPECTS  OF  RADIATION  DOSIMETRY 

From  the  preceding  discussions  it  seems  clear  that,  although  the  most 
practical  methods  of  measuring  energy  absorbed  are  based  on  ionization 
in  gases,  any  one  ionization  instrument  is  suited  to  do  so  only  under  a 
somewhat  idealized  set  of  conditions.  Obviously,  these  should  be  imple- 
mented in  practice  as  closely  as  possible,  and  much  could  be  written  on 
the  many  techniques  that  have  been  applied  to  achieve  that  purpose. 
Restrictions  on  the  space  available  to  this  chapter,  however,  will  limit  our 
presentation  to  the  brief  illustration  of  the  most  important  principles 
involved  and  reference  to  a  few  types  of  ionization  chambers  which 
have  proved  useful  for  the  direct  measurement  of  dose  under  conditions 
of  irradiation  of  convenient  attainment  but  otherwise  unsuited  to  the 
use  of  commercially  available  dosimeters.  These  questions  will  be  dealt 
with  under  two  separate  headings  only,  namely,  charged  particles  and 
photons.  Neutrons  will  be  omitted  because  of  their  as  yet  limited  use 
and  of  the  relative  lack  of  experimental  background  which  covild  be 
described  with  profit  to  the  reader. 

Particle  Radiation.  Dose  measurements  of  radiation  produced  by  elec- 
trons, protons,  or  a  particles  of  energy  ranging  up  to  a  few  mega  electron 
volts  present  particular  difficulties  in  both  theory  and  practice.  This  can 
be  traced  to  the  facility  with  which  electrons  are  scattered  and  the  ease 
with  which  the  heavier  particles  are  absorbed  in  matter.  Calculations 
are  generally  not  useful  in  quantitative  investigations,  and  recourse  to 
measurement  is  considered  in  general  more  realistic.  From  the  latter 
point  of  view,  it  is  well  to  consider  that,  although  the  urge  to  regard  a 
point  source  *S  and  a  "biological"  point  P  as  the  only  important  entities 
(Fig.  2-lOA)  is  really  overwhelming,  the  fact  remains  that  there  must 
exist  also  a  support  S'  for  the  source,  a  support  P'  for  the  object,  and  an 
enclosure  E.  It  should  be  realized  also  that  ionization  at  P  will  be  caused 
not  only  by  the  particles  coming  directly  from  S  but  also  by  other  particles 
traveling  via  the  "first  scatter  routes"  S8'P,  SP'P,  and  SEP;  moreover, 
these  paths  should  not  be  considered  a  priori  as  rectilinear.^"^ 

'2  The  literature  on  the  absohite  determination  of  the  disintegration  rate  of  /3-ray- 
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In  general,  to  simplify  measurement,  scatter  should  be  minimized  by 
removing  as  much  mass  as  possible  from  the  vicinity  of  both  S  and  P  and 
by  relegating  it  to  distances  large  compared  to  the  distance  SP.  In  prac- 
tice this  can  be  achieved  by  depositing  both  source  and  biological  speci- 
mens on  very  thin  films  of  material  such  as  nylon  or  aluminum,  by  secur- 
ing these  to  distant  supports,  by  constructing  a  large  enclosure,  by  setting 
up  the  experiment  near  its  center,  and  by  placing  a  diaphragm  between  S 
and  P.  Materials  for  diaphragm  and  shield  should  be  of  low  atomic 
number  to  minimize  scatter  and  production  of  photons.     Some  of  these 
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Fig.  2-10.  (A)  Typical  setup  for  the  exposure  of  biological  systems  to  ionizing  particles. 
(B)  Setup  for  the  measurement  of  dose  resulting  from  irradiation  by  ionizing  particles. 

restrictions,  however,  are  not  essential  in  exposures  to  a,  proton,  or 
deuteron  radiation  for  they  are  not  easily  scattered  by  matter  and  are 
not  good  producers  of  photons  in  this  range. 

In  setups  of  this  type,  measurements  should  be  conducted  with  an 
ionization  chamber  of  the  type  illustrated  in  Fig.  2-lOB,  where  both  the 
high-voltage  electrodes  E,E  and  the  collecting  electrode  E'  are  of  minimal 
thickness.  The  supporting  structure  (represented  by  cross-hatching) 
should  be  placed  well  within  the  "shadow"  of  the  circular  diaphragm  D 
to  avoid  scattering  and  to  allow  at  the  same  time  particles  traveling  out- 
side the  geometrical  beam  to  produce  measurable  ionization  within  the 
chamber.     The  average  dose  in  a  very  light  biological  medium  (such  as 

emitting  isotopes  is  illuminating  in  this  respect  and  should  be  consulted  by  the  inter- 
ested reader  (National  Research  Council,  1950). 
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virus  or  bacteria)  placed  immediately  below  D  can  be  calculated  as 

^  I  -W  •  pm  tan2  d  , 

Dose  =  ^   p,.,     ^rr.         ergs/g 

2xi2"(l  —  COS  e)tb 

where  R  and  ^  are  in  centimeters,  5  is  the  density  of  the  air  in  grams  per 
cubic  centimeter,  /  is  the  total  number  of  ion  pairs,  d  is  the  angle  sub- 
tended by  R  at  the  source,  and  W  (in  ergs  per  ion  pair  formed)  and  p„. 
retain  their  previous  meanings.  In  the  interest  of  accuracy,  the  distance 
between  chamber  diaphragm  as  well  as  the  electrode  separation  should 
be  small  compared  to  the  range  of  the  particles  in  air,  and  scattering 
from  the  edges  of  the  diaphragm  should  be  investigated  by  varying  its 
diameter. 

A  more  versatile  chamber  for  the  measurement  of  particle  radiation  is 
the  extrapolation  chamber  of  Failla  (1937),  diagramatically  represented 
in  Fig.  2-11.     This  chamber  has  been  recently  described  in  the  literature 
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Fig.  2-11.   Failla's  extrapolation  chamber. 

in  some  detail  (Failla,  Rossi,  et  al,  1947;  Sheppard  and  Abele,  1949;  Bass 
et  al.,  1949;  Bortner,  1951;  Quimby  and  Focht,  1943).  Schematically,  it 
consists  of  an  effective  volume  of  air,  usually  cylindrical  in  shape,  limited 
in  its  height  h  by  the  inner  surfaces  of  two  plane  electrodes,  and  of  cross 
section  equal  to  that  of  the  collecting  electrode  C,  which  is  coplanar  with 
the  annular  guard  ring  B.  By  extrapolating  to  zero  both  the  thickness 
of  the  upper  electrode  A  and  the  spacing  h,  it  is  possible  to  measure  the 
number  of  ions  /„  per  unit  mass  of  air  at  the  surface  of  the  collecting 
electrode.  The  energy  Dc  absorbed  per  unit  mass  in  the  material  of  the 
collecting  electrode  will  be  given  by 

D,  =  p,n-J-  W  X  1.44  X  10-12  erg/g 

where  the  symbols  retain  their  previous  meaning. 

It  becomes  obvious,  therefore,  that  if  the  electrodes  of  the  chamber  are 
made  of  materials  containing  elements  prevalent  in  biological  material 
(such  as  bakeUte,  polystyrene,  and  resins),  the  dose  D  in  thin  biological 
specimens  (virus,  bacteria,  a  few  cell  layers,  for  example  can  be  calculated 
as 

D  =  piD, 


MEASUREMENT    OF   IONIZING    RADIATIONS  177 

where  p'„  is  the  ratio  of  the  stopping  power  of  the  biological  medium  to 
that  of  the  material  of  the  chamber  electrodes.  For  this  expression  to  be 
valid  the  biological  specimen  should  cover  an  area  equal  to  that  of  C  and 
should  rest  on  material  of  identical  atomic  composition  and  thickness  as 
used  in  the  lower  electrode  of  the  chamber.  For  many  practical  reasons 
it  is  preferable  always  to  extend  this  thickness  beyond  the  range  of  the 
most  energetic  particle  available  in  the  source.  When  both  exposure  and 
measurement  are  conducted  as  outlined  above,  the  chamber  will  permit 
correct  measurement  of  the  dose  irrespective  of  the  geometrical  dimen- 
sions of  the  source.  Errors,  however,  may  arise  as  a  consequence  of 
inadequate  extrapolation  in  either  electrode  thickness  or  spacing.  When- 
ever "depth  doses"  in  thicker  biological  specimens  are  desired,  extrapola- 
tion to  zero  spacing  is  carried  out  with  thicknesses  of  A  equivalent  to  the 
depths  at  which  the  dose  is  desired.  For  the  case  of  a  radiation,  special 
attention  should  be  paid  to  the  complete  collection  of  ions,  since  satura- 
tion is  more  difficult  to  obtain  whenever  the  ions  are  drawn  in  the  direc- 
tion of  the  particles;  extrapolation  in  this  case  might  have  to  be  carried  out 
at  air  pressures  lower  than  atmospheric  in  order  to  overcome  the  effects 
of  ion  recombination. 

Photons.  Under  idealized  conditions,  the  measurement  of  radiation 
dose  (ergs  per  gram)  resulting  from  exposure  to  photons  can  proceed  via 
measurement  of  the  roentgen  or  by  means  of  Gray's  principle.  Experi- 
ience  has  proved  the  first  to  be  a  unit  of  practical  use  in  many  instances 
within  the  energy  range  1  to  3000  kev,  but  the  objectives  of  radiobiological 
experimentation  can  be  best  attained  by  the  second  procedure.  Since 
ionization  chambers  available  commercially  are  suitable  only  for  the  first 
task,  the  remainder  of  this  section  will  be  devoted  mostly  to  the  measure- 
ment of  dose  in  roentgens. 

Calibration  of  Thimble  Chambers  in  Roentgens.  The  standard  ioniza- 
tion chamber  has  found  few  enthusiastic  users  in  radiobiology,  principally 
because  it  lacks  mobility  and  because  it  is  not  suited  to  yield  in  practice 
the  corrections  necessary  to  an  accurate  estimate  of  the  dose  (see  pp. 
179  ff).  These  shortcomings  have  led  to  the  development  of  the  air-wall 
(thimble)  chambers  of  much  smaller  dimensions.  Such  chambers  usually 
consist  of  an  outer  shell  with  an  internal  conducting  material  and  a  central 
electrode,  which  is  connected  to  a  suitable  current-measuring  device. 
Sufficient  voltage  is  applied  to  them  to  ensure  saturation.  When  the 
radiation  quality  changes,  the  ionization  per  unit  mass  of  air  will  not,  in 
general,  be  the  same  as  that  in  an  open-air  standard  even  when  the  appro- 
priate experimental  conditions  of  calibration  are  rigorously  obeyed.  This 
is  due  to  the  so-called  "wall  effect"  of  the  thimble  chamber.  Photons 
striking  the  walls  and  collector  electrode  produce  both  soft  secondary 
photons  and  electrons,  both  of  which  contribute  to  the  ionization  within 
the  chamber.     The  relative  magnitude  of  the  ionization  from  this  source 
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to  that  produced  in  the  gas  (air)  of  the  thimble  chamber  varies  with  the 
atomic  number  of  the  chamber  material,  its  volume,  and  the  energy  of  the 
photons.  It  has  already  been  shown  that  this  effect  is  small  and  calculable 
under  certain  conditions,  but  it  must  be  anticipated  that  no  air-equivalent 
wall  remains  truly  so  anywhere  from  1  to  3000  kev.  The  regions  of  pho- 
ton energy  most  difficult  to  cover  are  those  in  which  both  the  Compton 
and  photoelectric  process  contribute  substantially  to  the  release  of  elec- 
trons from  the  wall,  namely,  the  range  below  50  kev.^^  At  very  low  volt- 
ages absorption  in  the  chamber  wall  is  the  predominant  cause  of  discrep- 
ancy. By  cut-and-try  method,  however,  the  material,  shape,  and  posi- 
tion of  the  walls  and  collector  electrode  may  be  adjusted  so  that  the 
electrons  released  produce  the  same  net  effect  as  air.  It  is  thus  possible 
to  make  a  chamber  having  a  graphite  shell  with  aluminum  collector  which 
will  give  readings  nearly  proportional  to  the  standard  chamber  over  a 
wide  range  of  the  harder  photon  energies.  Without  going  into  further 
detail,  it  is  evident  that  a  thimble  (air-wall)  chamber  cannot  be  relied 
upon  to  indicate  true  roentgens  unless  calibrated  against  a  standard  open- 
air  chamber.  This  is  usually  done  with  an  X-ray  tube  of  small  focal  spot, 
operated  under  reproducible  and  steady  conditions  of  voltage  and  current. 
The  dosage  rate  of  the  X-ray  beam,  after  suitable  collimation  by  dia- 
phragms, is  measured  in  roentgens  per  minute  at  a  given  point  with  a 
standard  ionization  chamber.  Holding  the  operation  of  the  X-ray  tube 
steady,  the  standard  chamber  is  removed  from  the  beam,  the  center  of  the 
thimble  chamber  is  placed  at  the  exact  position  of  the  front  edge  of  the 
limiting  diaphragm  (D,  Fig.  2-2)  of  the  standard  chamber,  and  the  time- 
rate  response  is  noted  for  the  thimble-chamber  indicator.  This  must  be 
done  for  each  quality  of  radiation  for  which  the  instrument  is  to  be  used. 
When  the  dependence  of  the  response  upon  quality  is  small,  only  a  few 
calibrations  are  necessary,  it  then  being  permissible  to  interpolate  for 
intermediate  qualities.  Experience  has  shown  that  it  is  seldom  safe  to 
extrapolate  such  calibration. 

Several  other  sources  of  error  must  be  guarded  against  (X-ray  Stand- 
ards and  Units,  1934) ;  for  example,  there  may  be  some  uncertainty  as  to 
the  effective  center  of  a  thimble  chamber  when  it  is  placed  in  the  test 
beam.  To  avoid  undue  errors  from  this  source  a  thimble  chamber  should 
not  be  calibrated  nearer  to  the  tube  target  than  a  distance  50  to  100  times 
its  radius.  It  must  likewise  be  assured  by  test  that  the  X-ray  beam  is  of 
uniform  intensity  over  an  area  of  diameter  somewhat  larger  than  both  the 
linear  dimensions  of  the  thimble  chamber  and  the  diameter  of  the  dia- 
phragm on  the  standard.  Moreover,  filters  necessary  in  the  calibration 
should  be  so  placed  that  the  effect  of  secondary  radiation  therefrom  is  not 
included  in  the  measurements.     Whenever  the  inverse  square  law  is  used 

13  The  term  "kev"  will  be  reserved  to  denote  the  energy  of  the  photon,  whereas  the 
term  "kv"  will  refer  to  the  voltage  applied  to  an  X-ray  tube. 
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in  the  calibration,  its  validity  must  be  experimentally  determined.  Cor- 
rection must  likewise  be  made  for  air  density  in  the  thimble  chamber  at 
time  of  calibration ;  this  correction  is  obtained  from  the  atmospheric  tem- 
perature and  pressure  in  the  same  manner  as  for  the  standard  chamber. 

Finally,  since  this  thimble  chamber  must  often  be  used  at  locations 
irradiated  not  only  by  the  source  but  also  by  scatter  from  surrounding 
materials,  it  is  well  to  determine  its  response  as  a  function  of  direction ;  it 
will  be  found  that  usually  the  thimble  chamber  is  least  sensitive  around 
the  stem  and  that,  if  irradiated,  the  stem  may  be  a  source  of  spurious 
ionization  current. 

Measurement  of  Very-low-energy  X  Rays.  Experience  has  adequately 
demonstrated  that  the  general  principles  involved  in  the  measurement  of 
70-  to  200-kev  photons  may,  with  certain  precautions,  be  extended  to  the 
accurate  measurement  of  3-  to  15-kv  X  rays.  The  principal  correction 
to  be  applied  in  the  use  of  a  standard  is  that  for  air  absorption  of  the 
radiation  between  diaphragm  and  collector.  This  may  amount  to  as 
much  as  140  per  cent  when  using  6-  to  10-kv  unfiltered  radiation.  Fig- 
ure 2-12B  shows  one  form  of  such  chamber  (Taylor  and  Stoneburner, 
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Fig.  2-12.  (A)  National  Bureau  of  Standards  guarded-field  standard  ionization 
chamber  (50  to  200  kv);  (B)  guarded-field  standard  ionization  chamber  for  Grenz 
rays  (3  to  90  kv). 

1932)  which,  by  the  use  of  the  guarded  field  (Failla,  1929;  Taylor  and 
Singer,  1930),  reduces  the  diaphragm-to-collector  distance  to  a  minimum 
(about  5  cm)  while  still  fulfilling  the  requirements  of  a  standard  chamber. 
This  particular  form  of  chamber  is  adequate  for  radiations  up  to  90  kev 
and,  by  thus  overlapping  the  range  of  the  larger  chamber  (Fig.  2-12 A), 
permits  a  direct  comparison  between  the  two,  using  radiation  of  such 
high  voltage  (90  kev)  as  to  require  very  small  air-absorption  corrections 
(less  than  2  per  cent). 
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Secondary  chambers  of  the  thimble  type  have  been  adapted  to  the 
measurement  of  3-  to  15-kv  X  rays,  although  their  accuracy  is  question- 
able in  many  cases  (Glasser  and  Portmann,  1928;  Holthusen  and  Braun, 
1933;  Klistner,  1928).  Wall  effects  become  relatively  large  and  even  the 
thinnest  of  materials  absorbs  a  large  percentage  of  the  radiation,  thus 
preventing  its  contribution  to  the  ionization  within  the  chamber.  "The 
accurate  use  of  such  thimble  chambers  is  so  beset  with  uncertainties  that 
it  is  usually  more  satisfactory  to  use  a  small  open-air  standard  chamber 
for  biological  X-ray  measurements  at  such  low  voltage."  This  sentence, 
quoted  textually  from  a  review  written  in  1934  (Taylor,  1936),  applies, 
essentially  without  modification,  to  the  situation  existing  today. 
Although  in  the  interim  of  seventeen  years  several  papers  have  been  pub- 
lished on  measurement  of  lightly  filtered  radiation  from  X-ray  tubes 
operated  at  low  voltage  (Oosterkamp,  1950;  Thoraeus,  1941;  Seemann, 
1949;  Quimby  and  Focht,  1943;  Lea,  1941),  only  one  has  reported  in 
detail  on  the  calibration  of  thimble  chambers  in  this  region.  ^^ 

Day  (1949),  as  a  result  of  extensive  investigations  on  the  quality 
dependence  of  a  commercially  available  dosimeter  in  filtered  and  unfil- 
tered  beams  of  X-ray  tubes  operated  from  10  to  200  kv,  reports  correction 
factors  of  considerable  magnitude  which,  if  neglected,  would  introduce 
errors  quite  intolerable  for  quantitative  investigation.  These  corrections 
diminish  in  magnitude  when  kilovoltage  and  filtration  are  increased;  the 
latter  appears  important  in  practice,  particularly  when  the  radiation 
emerges  through  a  thin  beryllium  window,  even  though  the  voltage 
applied  to  the  tube  may  be  as  high  as  200  kv.  Although  it  is  realized 
that  the  difficulties  of  proper  design  and  construction  are  many,  the 
persistent  lack  of  thimble  chambers  useful  in  this  range  proves  disappoint- 
ing, for  it  hinders  a  more  extensive  use  of  a  type  of  radiation  which  is 
eminently  suited  to  many  radiobiological  studies  on  small  organisms 
because  of  its  availability  at  high  dosage  rates  and  of  its  reasonable  cost.^^ 

1^  In  order  to  avoid  misrepresentation  of  this  statement,  it  is  to  be  understood  that 
by  "thimble  chamber"  is  here  meant  a  chamber  of  finite  vokime  which  is  (1)  devoid 
of  a  hmiting  diaphragm,  and  is  (2)  equally  sensitive  to  radiation,  independently  of  the 
direction  from  which  it  may  come.  Although  several  portable  chambers  have  been 
designed  to  replace  a  standard  open-air  chamber  for  roentgen  measurements  of  radia- 
tion in  limited  enclosures,  and  most  of  them  have  been  shown  to  be  wave-length- 
independent  down  to  the  very  soft  region,  none  of  them  obeys  both  criteria  (1)  and  (2) 
in  a  strict  sense. 

^^  The  user  of  soft  X  rays,  with  access  to  commercial  thimble  chambers  only,  may 
improve  the  correction  factor  of  his  chamber  by  interposing  between  his  material 
and  the  radiation  source  a  filter  of  bakelite  equal  to  the  thickness  of  the  wall  of  the 
thimble  chamber,  and  by  measuring  the  dose  without  the  filter.  This  procedure, 
though  logical,  requires  experimental  confirmation  with  the  open-air  chamber;  it  can 
be  applied  only  in  the  presence  of  moderate  dosage-rate  gradients,  wherein  it  might 
provide  a  simple  means  of  attaining  a  first  approximation.  The  best  procedure, 
as  mentioned  above,  consists  in  the  use  of  open-air  chambers  or  their  equivalent  when- 
ever spatial  dimensions  allow  it. 
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Some  Details  of  Practical  Interest  in  Photon  Dosimetry.  It  may  prove 
useful  to  the  reader  to  ponder  briefly  on  what  a  radiobiologist  with  access 
to  a  typical  photon  source  and  in  possession  of  a  typical  commercial 
dosimeter  would  have  to  consider  in  order  to  measure  the  dose  correctly. 
The  physical  setup  may  be  represented 
symboUcally  as  in  Fig.  2-13,  where  E' 
represents  the  over-all  shield  of  the 
apparatus,  be  it  the  walls  of  a  room 
or  a  lead-lined  box  of  smaller  dimen- 
sions. In  order  to  diminish  the  scatter 
of  radiation,  which  in  the  case  of  pho- 
tons is  composed  of  both  photons  (/,) 
and  electrons  (cs),  the  source  of  X-ray 
radiation  S  is  usually  shielded  by  an 
opaque  enclosure  E,  and  only  the  radia- 
tion emerging  through  the  diaphragm 
system  D1D2  is  utilized.  This  radia- 
tion passes  through  filters  Fi  and  F2 
which  modify  the  quality  of  the  beam, 
impinges  on  the  biological  object  of 
thickness  t,  penetrates  the  support,  and 
strikes  the  shield  E'. 

Let  us  suppose  that  the  dose  at  point 
P  is  desired  and  that  a  thimble  chamber 
is  placed  there  for  the  purpose.  In 
most  cases  the  scattered  radiation  from 
E  is  no  cause  for  concern  since  the 
electronic  component  e^  will  not  reach 
the  point  in  question  and  the  scattered 

photons  fl,  proceeding  in  the  general  direction  of  the  primary  radiation 
originating  from  .S,  will  be  correctly  measured  atP  by  the  thimble  chamber. 
Usually  this  "off-focus"  radiation  does  not  contribute  more  than  10  per 
cent  of  the  dose.  The  secondary  radiation  from  the  filter  Fi  may  reach 
the  object  but  not  be  recorded  by  the  chamber  in  many  instances;  this 
applies  to  both  the  electron  component  ep  and  the  photon  component  fp. 
At  distances  greater  than  10  to  15  cm  the  former  is  ehminated  by  air 
absorption,  but  the  latter  may  be  cause  of  error  when  the  fluorescent 
component  is  unduly  absorbed  by  the  walls  of  the  chamber  and  does  not, 
therefore,  produce  ionization  in  the  cavity  of  the  chamber. ^^  This  uncer- 
tainty is  usually  avoided  by  the  use  of  a  secondary  filter  F2  of  lower  atomic 
number  than  Fi,  which  absorbs  strongly  the  characteristic  radiation  of 
Fl  but  which  emits  less  penetrating  radiation  easily  absorbed  in  a  few 
centimeters  of  air.     In  practice,  if  Fi  is  of  aluminum,  F2  is  unnecessary 

"  The  harder  scattered  component  will  be  registered  along  with  the  primary. 


Fig.  2-13.  Schematic  representation 
of  typical  X-ray  irradiation  setup. 
S,  source;  D1D2,  diaphragms;  F1F2, 
filters. 
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unless  the  object  is  very  close,  in  which  case  0.2  mm  of  celluloid  mil 
suffice;  if  Fi  is  of  copper,  about  0.2  mm  of  aluminum  plus  0.2  mm  of 
celluloid  will  be  required  for  Fo,  and  if  Fi  is  made  of  tin,  F2  should  be  made 
of  0.2  mm  of  copper  plus  0.4  mm  of  celluloid  (Thoraeus,  1934;  MarinelH, 
1937;  Wrenshall  and  Nichols,  1942;  Morrow,  1946).  If  the  object  and 
the  irradiated  portion  of  the  supports  are  very  light,  the  only  question 
remaining  is  whether  the  scattering  from  E'  is  hkely  to  introduce  errors  in 
the  measurement.  Qualitatively  the  situation  is  analogous  to  that  just 
considered  for  the  filter,  except  for  the  fact  that  E'  is  usually  lead  and  the 
whole  residual  energy  of  the  beam  is  converted  therein.  Since  the 
Compton  component  of  the  scatter  and  the  K  radiations  from  lead  are 
likely  to  be  registered  correctly  by  the  thimble  chamber  because  of  their 
hardness,  the  only  precaution  necessary  is  to  absorb  the  L  radiation  (15 
kev  maximum  for  lead),  and,  by  so  doing,  eliminate  the  electronic  com- 
ponent as  well.  This  can  be  done  in  practice  either  by  covering  the 
irradiated  portion  of  E'  by  a  few  tenths  of  a  millimeter  of  aluminum  or  by 
maintaining  the  distance  PE'  at  about  20  cm.  It  should  be  remarked  at 
this  point  that  keeping  the  distance  between  the  object  and  the  scatterer 
(filter  or  shield)  to  about  20  times  the  diameter  of  the  chamber  is  always 
the  preferable  procedure,  because,  in  addition  to  diffusion  of  poorly 
measurable  scatter  away  from  the  object,  smoother  gradients  of  dosage 
rates  at  the  point  of  measurement  are  always  attained.  This  condition, 
as  already  mentioned  in  the  section  on  thimble-chamber  calibration,  is  to 
be  implemented  as  much  as  possible  in  the  interest  of  accurate  dosimetry. 

In  the  event  that  biological  experiments — because  of  high  dose-rate 
demand — require  the  placement  of  small  biological  specimens  close  to  the 
window  of  the  tube  or  the  filter,  measurement  must  be  made  with  very 
shallow  chambers.  In  this  respect  the  extrapolation  chamber  presents 
attractive  features,  since  spacings  as  close  as  0.25  mm  can  be  easily 
attained,  the  thickness  of  the  upper  electrode  can  be  varied  according  to 
the  needs  of  the  experiment  (see  p.  176),  and  fair  corrections  can  be  made 
for  the  "wall  effect"  by  the  extrapolating  procedure  (Quimby  and  Focht, 
1943).  It  should  not  be  forgotten,  however,  that,  as  for  the  case  of 
particle  radiation,  the  physical  support  of  the  specimen  should  be  identical 
to  the  lower  electrode  of  the  chamber. 

When  the  biological  object  is  thick,  so  that  t  is  of  the  order  of  the 
relaxation  length ^^  of  the  radiation,  the  dose  will  vary  within  the  beam  in 
a  complex  manner,  on  account  of  photon  scatter,  and  some  energy  will  be 
expended  beyond  the  limits  of  the  geometrical  beam.  The  description 
of  the  variation  of  the  dose  within  large-scattering  media  has  been 
treated  extensively  (under  the  generic  term  of  depth  dosage)  in  the  radio- 
logical literature  (Glasser,  Quimby,  et  at.,  1944;  Quimby,  MarinelH,  and 
Farrow,    1938;   Loevinger,    Wolf,    and    Minowitz,    1950;    Quimby   and 

"  See  section  entitled  Dose  from  Radioelements  Deposited  in  Biological  Systems. 
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Laurence,  1940) ;  the  latter  should  be  consulted  for  details.  It  will  suffice 
to  add  here  that  the  dose  at  a  point  P,  at  the  surface  of  the  object,  will 
not  be  the  same  as  the  dose  measured  at  P  in  air.  The  excess,  called 
"backscatter,"  has  also  been  investigated  under  detailed  geometrical 
conditions  and  radiation  hardness  of  interest  in  radiation  therapy 
(Quimby,  Marinelli,  and  Farrow,  1938).  Whenever  confronted  by 
unavoidable  conditions  of  backscatter  the  investigator  may  well  place  his 
material  on  Presdwood,  or  some  such  light  material,  of  dimensions  com- 
parable to  those  for  which  data  on  backscatter  are  available.  Com- 
pliance with  this  suggestion  will  make  detailed  dosimetric  study  of  each 
particular  setup  unnecessary,  and  an  occasional  check  on  the  constancy 
of  the  machine  will  in  most  cases  prove  adequate. 

Photon-Electron  EquilibHum.  It  has  been  already  mentioned  that 
measurement  of  the  dose  by  the  ionization  method  is  possible  when  full 
utilization  of  the  associated  corpuscular  radiation  within  the  ionization 
chamber  is  attained.  In  order  for  these  measurements  to  be  representa- 
tive of  the  dose  in  biological  materials,  the  materials  should  be  exposed 
under  conditions  abiding  by  the  same  principle  of  full  utilization  (e„  =  1), 
which  will  be  called  "photon-electron  eciuilibrium."  In  the  illustration 
of  the  principle  (Fig.  2-14)  the  reader  will  recall  the  analogous  comments 
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Fig.  2-14.  Build-up  of  photon-electronic  equilibrium  within  a  biological  specimen  of 
thickness  greater  than  the  range  of  secondary  electrons. 

on  the  standard  air  chamber.  Symbolically,  the  arrows  /p  represent 
those  primary  photons  in  a  beam  which  interact  in  a  biological  system  of 
thickness  t.  The  electrons  released  by  the  radiation  are  shown  by  the 
undulating  lines  of  range  denoted  by  r.^^     If  the  photons  are  assumed  to 

1'  The  secondary  jAotons  /,,  unless  of  very  low  energy,  need  not  be  considered 
because  their  probability  of  interacting  within  I  is  negligible. 
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be  monoergic,  their  probability  of  interaction  per  unit  thickness  t  will  be 
the  same,  irrespective  of  the  depth  in  the  material;  therefore,  if  the 
number  of  interactions  is  small  compared  to  the  total  number  of  photons 
crossing  the  object,  the  rate  of  electron  release  per  unit  thickness  will  be 
sensibly  constant  at  any  point  in  the  material.  If  the  additional  assump- 
tion is  made  that  no  electrons  have  been  produced  by  the  beam  outside 
the  test  object,  it  is  easily  seen  that  the  ionization  produced  per  unit 
volume  by  the  particles  is  not  constant — as  a  count  of  the  electron  tracks 
in  each  element  A  will  disclose.  In  fact,  the  ionization  as  a  function  of 
depth  will  vary  according  to  the  insert  on  the  right-hand  corner  of  the 
figure.  Namely,  the  dose  will  increase  linearly  with  depth  up  to  r  and 
remain  constant  from  depth  r  to  depth  t.  The  total  energy  utilized  is 
proportional  to  the  area  OABC,  whereas  the  energy  converted  will  be 
proportional  to  the  area  OA'BC.  It  is  obvious  that  under  these  condi- 
tions e„  <  1.  In  practice,  the  presence  of  heterochromatic  radiation,  the 
release  of  electrons  in  various  directions,  the  scattering  of  electrons  by  the 
object,  etc.,  will  yield  an  experimental  curve  of  the  type  represented  by 
the  dotted  line  OA,  and  the  exact  magnitude  of  €„  will  be  outside  the  reach 
of  a  simple  calculation.  A  practical  solution  is  offered  by  covering  the 
material  in  question  on  both  sides  with  material  of  low  atomic  number  of 
thickness  equivalent  to  r.  It  might  be  argued  that  this  is  unnecessary 
since  the  lower  ionization  within  depth  r  is  compensated  by  electrons 
released  by  the  air  around  the  material ;  this  is  correct  provided  the  thick- 
ness of  air  around  is  at  least  of  equivalent  thickness  r  and  that  the  flux 
throughout  this  air  mass  is  the  same  as  at  the  surface.  This  would  usu- 
ally be  the  case  for  low-energy  photons  attenuated  by  properly  placed 
filters,  but  it  can  hardly  be  achieved  in  practice  with  the  harder  radia- 
tions, such  as  those  obtained  from  Ra-'-^  or  Co^°,  for  example,  or  when 
filters  are  grossly  misplaced. 

It  is  obvious  that  electron  equilibrium  may  be  in  jeopardy  near 
boundaries  of  media  of  different  densities  and  atomic  composition,  or 
both.  To  avoid  lengthy  experimentation  or  calculation,  small  biological 
organisms  or  small  volumes  of  solutions  should  not  be  irradiated  in  glass 
vessels  but,  in  so  far  as  possible,  in  vessels  of  materials  such  as  Incite, 
polystyrene,  or  polyethylene.  The  importance  of  this  effect  on  the  local 
dose  is  difficult  to  evaluate,  except  for  order  of  magnitude;  it  is  an  inverse 
function  of  the  linear  dimensions  of  the  object  and  a  direct  function  of 
both  the  range  of  the  released  electrons  and  the  atomic  number  of  the 
container.  In  the  event  that  the  object  irradiated  is  a  mammal  or  a 
crustacean  and  the  dose  received  by  the  mineralized  tissues  (or  soft  tissues 
in  the  immediate  vicinity)  is  desired,  special  experimentation  or  calcula- 
tion is  necessary.  The  same  comment  applies  to  the  estimate  of  dose  in 
fatty  tissues.  For  a  thorough  understanding  of  the  problem  and  cogent 
calculations,  a  lengthy  dissertation  is  unavoidable;  the  reader  is  referred 
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to  the  literature  on  the  subject  (Spiers,  1946;  1949;  1951;  Mayneord, 
1937). 
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Introduction:  Scope  of  this  article — Photochemical  reactions — Radiation-chemical 
reactions — Radiobiological  reactions.  The  primary  processes:  The  primary  processes  of 
photochemistry — The  primary  processes  of  radiation  chemistry — The  primary  processes  of 
radiobiology.  Reactions  following  excitation:  Elementary  processes  involving  excited 
atoms — Elementary  processes  involving  excited  diatomic  molecules — Elementary  processes 
involving  excited  polyatomic  molecules — Elementary  processes  in  condensed  systems. 
Reactions  following  ionization:  The  ionization  process,  and  the  role  of  ionization  in  photo- 
chemical reactions — Survey  of  ionization  phenomena  produced  by  high-energy  radiations — 
Elementary  processes  following  ionization  in  gaseous  systems — Elementary  processes 
following  ionization  in  condensed  systeyns — Multiple  ionization — The  significance  of 
density  of  ionization.  General  reinarks  on  applications  to  biology:  Indirect  chemical 
effects  of  high-energy  radiations  on  biological  material — Direct  chemical  changes  produced 
by  high-energy  radiations  in  inolecules  of  biological  importance.     References. 

1.  INTRODUCTION 

V  1-1.  SCOPE  OF  THIS  ARTICLE 

Chemical  reactions  may  be  classified  into  two  types.  The  first  type 
comprises  common  or  "thermal"  chemical  reactions.  These  occur  spon- 
taneously at  temperatures  at  which  the  energy  of  thermal  motion  of  the 
reactants  is  great  enough  to  provide  the  energy  required  for  the  particular 
reaction  to  proceed  during  the  time  of  observation.  The  second  type  of 
reaction  takes  place  in  chemical  systems  in  which  the  molecular  thermal 
energy  falls  far  below  the  minimum  energy  needed  to  initiate  the  reaction. 
In  this  case,  however,  energy  coming  from  an  external  source  may  transfer 
sufficient  energy  to  some  of  the  molecules  to  render  them  able  to  react. 

*  These  studies  were  aided  in  part  by  a  contract  between  the  Office  of  Naval 
Research,  Department  of  the  Navy  and  the  University  of  Chicago  (NR  119-272). 
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Thus  the  reaction  proceeds  at  a  rate  which  depends  upon  the  energy  flow 
from  the  outside.  Usually  the  quantity  of  energy  transferred  to  the 
molecules  to  be  activated  surpasses  the  thermal  energy  by  a  high 
factor,  with  the  result  that  the  energy-rich  molecules  react  in  cold 
surroundings. 

The  most  important  source  of  energy  available  to  induce  the  latter  type 
of  reaction  is  light.  Reactions  caused  by  irradiation  with  light  are 
called  photochemical  reactions.  The  study  of  reactions  induced  by  irra- 
diation with  high-energy  radiations,  such  as  high-energy  photons  (X  rays, 
7  rays)  or  high-speed  material  corpuscles  (electrons,  protons,  a  particles, 
etc.)  is  called  radiation  chemistry.  There  are  great  similarities  between 
photochemistry  and  radiation  chemistry,  and,  on  the  other  hand,  great 
differences.  The  similarities  stem  from  the  fact  that  both  types  of  radia- 
tion interact  with  the  electronic  systems  of  the  irradiated  molecules. 
The  dissimilarities  are  the  result  of  the  exceedingly  great  difference 
between  the  energies  of  individual  quanta  of  visible  and  ultraviolet 
light  used  in  photochemistry  and  those  of  quanta  of  X  and  7  rays, 
or  individual  kinetic  energies  of  the  swiftly  moving  corpuscles  (a  and  ^ 
particles,  etc.). 

The  first  chapter  of  this  volume  deals  \vith  the  ways  in  which  various 
high-energy  radiations  transfer  energy  to  matter  when  they  penetrate  it. 
The  next  stage  of  analysis  is  then  treatment  of  the  mechanisms  by  which 
the  transferred  energy  effects  permanent  (or  transient)  physical,  chemical, 
or  biological  change.  It  is  the  purpose  of  this  article  concisely  to  review 
the  physical  principles  governing  elementary  reactions  which  primarily 
activated  atoms  and  molecules  can  undergo.  Particular  emphasis  is 
accorded  the  behavior  of  polyatomic  molecules  and  condensed  phases,  the 
phenomena  in  these  systems  being  the  most  relevant  for  application  to  the 
problems  of  biological  material.  An  elementary  treatment  of  atoms  and 
diatomic  molecules  is  included;  it  may  serve  as  an  introduction  to  the  gen- 
eral subject.  Initial  energy  absorption  and  kinetics  are  mentioned  only 
incidentally.  (For  information  on  kinetics,  reference  should  be  made  to 
the  chapter  of  this  or  a  following  volume  dealing  with  the  specific  type  of 
reaction.)  The  necessity  of  dealing  with  so  vast  a  subject  in  so  limited 
a  space  clearly  predisposes  the  treatment  to  be  somewhat  cursory.  It 
is  hoped  that  this  tendency  has  been  minimized,  and  that  a  central 
objective  of  the  article — to  achieve  the  proper  perspective  so  important 
to  a  new  and  rapidly  developing  science — has  been  approached. 

Bibliographic  listing  is  given  chiefly  to  reviews  to  which  the  reader  may 
refer  for  more  detailed  analysis  and  bibliography.  A  number  of  repre- 
sentative references  to  original  literature  is  also  included,  but  no  attempt 
has  been  made  to  develop  a  complete  bibliography.  In  particular,  older 
references  are  not  cited  at  all. 

By  far  the  best  reference  for  elementary  processes  in  the  gaseous  phase 
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is  the  book  "Electronic  and  Ionic  Impact  Phenomena"  by  Massey  and 
Burhop  (1952).  1  Also  very  useful  are  the  little  volume  by  Willey,  "  Colli- 
sions of  the  Second  Kind"  (1937);  the  review  by  Laidler  and  Shuler 
(1951);  and  standard  books  on  photochemistry  (Noyes  and  Leighton, 
1941;  Steacie,  1946;  RoUefson  and  Burton,  1939). 

1-2.  PHOTOCHEMICAL  REACTIONS 

Photochemical  reactions  differ  most  strikingly  from'  thermal  reactions 
in  that  they  involve  in  intermediate  stages  electronically  excited  atoms, 
radicals,  or  molecules  which  are  virtually  never  excited  in  a  system  in 
thermodynamical  equilibrium  at  room  temperature.  The  development 
of  modern  photochemistry  began,  indeed,  when  physics  made  possible - 
an  understanding  of  these  excited  states  in  terms  of  the  quantum 
theory. 

A  great  simplification  of  photochemistry  arises  from  the  possibility,  by 
suitably  controlling  or  filtering  the  external  light  source,  of  Hmiting  excita- 
tion to  a  single  excited  state  of  one  of  the  reactants.  If  the  absorbing 
system  is  sufficiently  simple,  the  nature  of  this  excited  state  will  often 
be  known  from  standard  spectroscopic  studies.  Moreover,  in  nearly 
all  circumstances,  the  concentration  of  absorbing  entities  is  sufficiently 
small,  and  the  intensity  of  exciting  light  suflaciently  low,  that  the  primary 
processes  are  independent  of  one  another  and  an  excited  atom  or  molecule 
reacts  with  normal  molecules  only.-  The  initial  density  of  excited  atoms 
or  molecules  is  almost  uniform;  for  a  beam  of  exciting  light  the  average 
density  decreases  exponentially  with  the  thickness  of  absorber  which  the 
beam  has  traversed  (the  change  in  density  over  a  distance  equal  to  the 
molecular  separation  always  being  small),  and  fluctuations  from  the  aver- 
age are  ordinarily  unimportant.  Thus  a  photochemical  reaction  presents 
in  its  initial  stages  great  elements  of  simplicity.  If,  however,  the  possible 
primary  and  subsequent  elementary  processes  which  the  excited  atoms  or 
molecules  undergo  are  numerous,  or  are  very  complex,  analysis  of  the 
over-all  mechanism  may  still  be  extremely  diflncult.  This  is  more  often 
the  case  than  not;  and,  indeed,  reactions  which  appear  to  be  simple  often 
conceal  highly  intricate  mechanisms.  Of  course,  such  often-present,  fun- 
damentally irrelevant,  but  practically  very  trying  compUcations  such  as 
reactions  with  impurities  or  in  wall  surfaces  enhance  further  the  difficul- 
ties of  investigation. 

1  One  of  us  (R.  P.)  must  record  his  appreciation  of  the  generosity  of  the  Delegates 
of  the  Clarendon  Press  in  providing  him  with  proof  of  this  volume  in  advance  of  its 
publication. 

2  There  are,  however,  exceptions  to  this  conclusion.  A  few  cases  in  which  meta- 
stable  excited  atoms  react  with  one  another  have  been  known  for  many  years.  Impor- 
tant progress  was  made  recently  in  the  studies  by  Norrish  and  Porter  (1949),  using 
ultra  high  light  intensity,  of  photochemical  reactions  in  which  the  density  of  excita- 
tions is  great. 
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1-3.  RADIATION-CHEMICAL  REACTIONS 

The  difference  in  the  nature  of  energy  absorption  by  a  material  medium 
from  a  beam  of  light,  as  in  photochemistry,  and  from  a  beam  of  high- 
energy  radiation,  as  in  radiation  chemistry,  is  such  as  to  obliterate  the 
two  great  simplifying  features  of  photochemistry  described  above. 

In  the  first  place,  since  the  energy  of  a  single  particle  of  the  radiation 
is  very  great  compared  to  probable  excitation  energies  of  the  molecules 
of  the  medium,  the  energy  transfer  occurs  not  in  a  single  step,  but  in  a 
great  number  of  them.  Thus  not  a  single  one  of  the  possible  excited 
species,  but  invariably  a  great  variety  of  them,  will  be  produced  by  each 
particle.  No  selectivity  is  possible.  And  among  the  various  excited 
species  there  will  commonly  be  many,  the  detailed  physical  nature  of 
which  is  not  known.  In  addition  to  the  excited  molecules,  some,  and 
usually  many,  different  species  of  ionized  molecules  will  also  be  present. 
Thus,  in  contrast  to  photochemistry,  a  complete  enumeration  of  the  num- 
ber and  nature  of  the  primary  products  of  irradiation  is  not  possible,  and 
analysis  must  proceed  on  less  specific,  and  therefore  less  satisfactory, 
terms.  In  partial  compensation  for  this  state  of  affairs,  the  very  lack  of 
specificity  leads  to  a  general  similarity  (although  not  identity)  between 
different  forms  of  high-energy  radiation  in  so  far  as  the  types  and  relative 
numbers  of  the  different  species  produced  are  concerned. 

The  second  great  intrinsic  difference  between  radiation-chemical  and 
photochemical  reactions  lies  in  the  spatial  distribution  of  the  primary 
products.  Energy  transfer  from  high-energy  radiation  to  matter 
devolves  on  the  energy  loss  of  swiftly  moving  charged  atomic  particles  as 
they  penetrate  the  medium.  The  excited  (or  ionized)  molecules  are 
formed  more  or  less  close  together  along  particle  ''tracks."  Even  along 
a  track  the  distribution  varies  markedly  both  laterally  and  longitudinally. 
This  departure  from  the  uniformity  of  a  thermal  reaction  or  even  the  near- 
uniformity  of  a  photochemical  reaction  completely  changes  the  nature  of 
the  initial  chemical  kinetics  of  the  reaction.  No  really  adequate  theoret- 
ical treatment  of  these  kinetics  has  been  developed  as  yet/  although 
beginning  attempts  have  been  made  (Lea,  1947a;  Magee,  1951).  The 
difference  in  spatial  distributions  of  primary  products  produced  by  var- 
ious forms  of  high-energy  radiation  is  the  chief  factor  responsible  for  the 
difference  in  ultimate  chemical  effects  they  may  produce. 

1-4.  RADIOBIOLOGICAL  REACTIONS 

Effects  of  high-energy  radiation  on  biological  materials  must  derive 
from  primary  effects  superficially  similar  to  those  with  simple  chemical 

3  The  problem  is  related  to  that  of  ret-ombination  along  the  tracks  of  densely  ionizing 
radiation  such  as  a  particles.  The  latter  problem  was  originally  treated  many  years 
ago  by  Jaffe.  It  has  recently  been  studied  by  a  number  of  investigators  (cf.,  for 
example,  Gerritsen,  1948). 
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substances  but  complicated  by  the  intricate  molecular  structure.  Since 
even  the  static  structural  properties  of  the  simplest  biological  systems  are 
not  fully  understood,  and  properties  of  excited  and  ionized  states  are  to  a 
great  extent  unknown,  it  is  obvious  that  primarj^  processes  in  radiobiology 
can  be  analyzed  in  only  the  most  general  terms.  This  situation  also 
reflects,  and  is  in  a  way  an  extension  of,  the  greatly  heightened  complexity 
encountered  in  photochemistry  or  in  radiation  chemistry  when  dealing 
with  a  liquid  or  solid  phase,  as  compared  to  a  gaseous  phase. 

Another  important  aspect  of  biological  media  is  their  composite  nature. 
Usually  there  are  present,  in  addition  to  the  principal  biological  compo- 
nent, other  components  such  as  substrate  and  water,  and  the  radiation 
affects  them  all  indiscriminately:  in  the  case  of  high-energy  radiation, 
for  example,  the  energy  absorbed  per  unit  volume  is  simply  approximately 
proportional  to  the  density.  Since  the  primary  effects  of  the  radiation  on 
these  other  components  may  often  be  transmitted  directly  or  indirectly  so 
as  to  affect  the  component  of  primary  interest,  radiobiological  reactions 
exhibit  an  added  and  serious  interpretative  difficulty. 

2.  THE  PRIMARY  PROCESSES 
2-1.  THE  PRIMARY  PROCESSES  OF  PHOTOCHEMISTRY 

Primary  processes  in  photochemistry  being  invariably  electronic  excita- 
tion or  ionization  of  atoms  or  molecules,  their  discussion  can  be  deferred 
to  Sects.  3  and  4  following.  It  should  be  noted  here  that  practical  limita- 
tions have  restricted  investigations  to  accessible  spectral  regions,  and  to 
absorption  processes  having  appreciably  strong  transition  probability. 
Thus  the  interesting  region  of  the  vacuum  ultraviolet  (wave  length  below, 
say,  1800  A)  is  largely  unexplored  photochemically  because  of  great 
difficulties  with  light  sources,  detectors,  and  windows.  Photochemical 
consequences  of  light  absorption  in  weak  transitions  have  not  been 
studied  (in  gases,  at  least)  because,  with  light  sources  of  normal  intensity, 
not  enough  effect  can  be  achieved  for  accurate  measurement.  (A  special 
case,  namely  reactions  of  metastable  excited  atoms,  has  often  been 
studied  by  producing  the  metastable  atoms  indirectly.) 

It  is  not  necessary  that  the  reactant  itself  absorb  the  light.  An  impor- 
tant class  of  photochemical  reactions,  called  photosensitized  reactions, 
exploits  the  light  absorption  by  a  small  admixture  of  chemically  inert 
substance — in  the  gaseous  phase  usually  a  metal  vapor,  in  the  liquid  usu- 
ally a  dye — which  absorbs  in  a  region  in  which  the  reactant  itself  is 
transparent  and  affects  the  reactants  in  subsequent  stages.  Such 
phenomena  will  be  described. 

The  over-all  photochemical  reaction  is  a  dynamic  synthesis  of  two 
classes  of  elementary  processes :  reactions  between  excited  or  ionized  atoms 
or  molecules,  and  normal  ones  (which  may  proceed  according  to  rate  laws 
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of  first  or  higher  order);  and  reactions  between  "free"  atoms  or  radicals, 
formed  in  earher  stages,  and  normal  molecules  (usually  proceeding 
according  to  rate  laws  of  second  or  higher  order).  Only  the  first  class  is 
distinctive  of  photochemical  and  radiation-chemical  reactions,  and  to  it 
attention  in  the  following  pages  is  chiefly  confined. 

2-2.  THE  PRIMARY  PROCESSES  OF  RADIATION  CHEMISTRY 

The  absorption  of  high-energy  radiation  by  matter  produces  a  great 
number  of  excited  and  of  ionized  atoms  or  molecules  in  a  variety  of 
different  states.  Some,  or  all — and  in  some  instances  almost  none — of 
these  different  states  may  be  effective  in  inducing  permanent  chemical 
change  (if  some  change  is  possible  in  the  system).  Except  for  the 
simplest  media  (hydrogen  gas,  for  example),  little  has  been  accomplished 
in  analyzing  the  relative  effectiveness  of  different  excited  or  ionized 
states.  Information  can  often  be  obtained,  however,  on  the  roles  of 
"excitation"  and  "ionization"  considered  as  separate  classes  of  primary 
processes. 

Because  the  individual  energy  of  a  photon  or  particle  of  high-energy 
radiation  is  very  great  compared  to  binding  energies  of  valence  electrons 
in  atoms  or  molecules,  or  to  binding  energies  of  atoms  in  molecules  or  in 
liquids  or  solids,  other  types  of  primary  processes  may  occur  which  are 
impossible  in  the  absorption  of  light.  For  example,  bombardment  with 
particles  of  atomic  mass  (such  as  protons  or  a  particles)  can  eject  atoms 
from  their  positions  in  molecules  or  in  solid  structures  and  project  them 
forward  with  great  kinetic  energy:  in  other  words,  momentum  may  be 
transferred  from  a  bombarding  particle  to  an  atom  as  a  whole,  rather  than 
to  just  an  electron  (as  in  the  case  of  ionization).  Such  processes  (except 
in  the  unique  case  of  fast-neutron  irradiation)  are  always  much  less 
numerous  than  electronic  excitations  and  ionizations.  If  the  latter 
should  be  chemically  ineffective,  however,  ejection  of  atoms  may  be 
responsible  for  the  effects  of  the  radiation.  Thus  in  the  case  of  heavy- 
particle  irradiation  of  certain  solid  substances  (e.g.,  metals),  ordinary 
excitation  or  ionization  is  ineffective  because  any  electronic  displace- 
ments are  easily  reversed ;  the  observed  disordering  of  the  solid  structure 
is  believed  to  arise  from  momentum  transfer  to  atoms  (Seitz,  1949). 

It  should  be  noted  that  still  other  primary  processes,  less  probable  than 
ordinary  excitation  or  ionization  but  involving  a  much  more  violent  effect 
on  the  atom,  are  possible  with  high-energy  radiation.  Thus,  with  any 
type  of  high-energy  radiation  (but  never  with  visible  light  or  ultraviolet 
radiation),  a  substantial  fraction  of  the  ionization  acts  consists  of  the 
ejection,  not  of  a  valence  electron,  but  of  an  inner  electron  instead.  Such 
an  event  is  usually  followed  by  an  Auger  process  or  a  series  of  them, 
resulting  in  the  formation  of  a  multiply  charged  ion  at  the  original  site 
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and  an  abnormally  great  density  of  excitation  and  ionization  immediately 
adjacent  to  it  (Platzman,  1952a). 

2-3.  THE  PRIMARY  PROCESSES  OF  RADIOBIOLOGY^ 

The  same  multiplicity  of  possible  primary  processes  which  may  lead  to 
radiation  effects  in  ordinary  chemical  systems  exists  also  for  primary 
processes  in  biological  systems.     Analysis  of  which  primary  processes  are 
responsible  for  a  particular  biological  effect  depends  intimately  on  the 
nature  of  that  effect,  of  course.     Perhaps  the  cardinal  feature  character- 
izing a  biological  system,  insofar  as  possibly  effective  primary  processes 
are  concerned,  is  the  great  size  of  the  structural  unit  of  the  material  (a 
single  cell  in  the  case  of  certain  studies  of  radiation  killing;  a  single  but 
very  great  molecule  in  the  case  of  radiation-induced  gene  mutation). 
Very  little  work  has  as  yet  been  accomplished  in  the  examination  of  how 
the  existence  of  such  large  units  (which,  despite  their  great  dimensions  on 
an  atomic  scale,  have  the  unique  biological  degree  of  organization)  must 
change  the  analysis  of  primary  processes.     It  appears  that  some  radio- 
biological changes  may  be  effected  by  a  single  excitation,  or  by  a  single 
ionization,  in  the  unit  (or  at  least  by  a  very  few  of  these  processes).     On 
the  other  hand  much  evidence  indicates  (see,  for  example.  Lea,  1946)  that 
some  types  of  radiobiological  effects  are  not  caused  by  isolated  excitation 
or  ionization  acts.      (The  unit  has  such  structural  stability  that  it  appar- 
ently is  able  to  recover  from  such  events.)     The  best  method  of  deaUng 
with  these  effects  has  so  far  been  an  analysis  in  terms  of  several  such 
acts  occurring  within  the  unit  (cf.  Lea,   1947b)  either  because  of  high 
"density  of  ionization"   (cf.  Sect.  4-6)   or  because  of  fluctuations  from 
the  average  spatial  distribution  of  ionization.     This  is  a  crude  approach 
which  might  be  justified,  in  some  instances,  and  a  very  poor  approxima- 
tion indeed,  in  others.     However,  it  is  very  difficult  to  improve  it  without 
more  detailed  information  on  the  structural  properties  of  the  biological 
unit.     The  less  common,  but  by  no  means  rare,  primary  processes  involv- 
ing violent  molecular  alteration,  described  in  Sect.  2-2,  merit  examination. 
Other  possibilities  may  be  invoked  in  special  examples;  several  are  pre- 
sented in  Sect.  5-2. 

3.  REACTIONS  FOLLOWING  EXCITATION 
3-1.  ELEMENTARY  PROCESSES  INVOLVING  EXCITED  ATOMS 

3-1  a.  The  Excitation  Process;  Energy  Diagrams.  An  isolated  atom  can 
exist  only  in  certain  well-defined  states,^  the  so-called  quantum  states  of 
its  electronic  system.  Each  of  these  states  has  its  own  characteristic  set 
of  values  of  those  properties  of  an  atom  which  are  well  defined.     Examples 

4Cf.  Platzman  (1952a). 

5  An  elementary  knowledge  of  atomic  structure  is  presumed  of  readers  of  this  article. 
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of  such  properties  are  total  energy,  total  angular  momentum  of  the  elec- 
trons relative  to  the  nucleus,  total  (average)  lifetime  for  spontaneous 
radiation,  etc.  Positions  of  the  electrons  are  not  well-defined  properties. 
By  far  the  most  important  property  is  energy,  and  the  energies  cor- 
responding to  the  various  possible  states  of  an  atom  are  usefully  repre- 
sented on  an  energy-level  diagram,  in  which  the  height  of  any  level  rela- 
tive to  the  lowest  one  is  proportional  to  the  excess  in  energy  of  the  cor- 
responding state  over  that  of  the  lowest  or  ground  state.  (This  energy 
difference  is  called  the  excitation  energy  of  the  state.)  A  symbol,  affixed 
to  the  level,  indicates  a  number  (but  not  all)  of  the  other  properties  of 
the  state.  (Very  often  a  "state"  is  called  conveniently,  but  improperly, 
an  "energy-level.") 

Knowledge  of  the  different  states  of  an  atom,  i.e.,  their  energies  and 
other  properties,  is  an  object  of  spectroscopic  investigation.  The  most 
authoritative  assembly  of  such  information  (not  yet  completed)  is' the 
work  of  Moore  (1949,  1952) ;  the  book  of  Bacher  and  Goudsmit  (1932)  is 
an  older  but  still  most  useful  compilation.  In  Fig.  3-1  are  presented  for 
illustration  the  energy-level  schemes  of  the  three  important  atoms:  hydro- 
gen, sodium,  and  mercury.  Only  a  few  of  the  most  important  levels  are 
shown;  sodium  has,  for  example,  a  total  of  about  120  known  levels 
(Moore,  1949),  and  in  principle  there  is  indeed  an  infinite  number  of  them. 
The  meaning  of  spectroscopic  symbols  such  as  those  appearing  in  Fig.  3-1 
is  given  in  texts  on  the  subject. 

Theoretical  investigation  of  the  laws  which  determine  the  binding  of 
electrons  in  the  ground  states,  and  especially  in  the  excited  states  of 
atoms,  has  made  possible  a  broad  understanding  of  the  properties  of  these 
states — in  the  most  minute  detail  for  simple  (i.e.,  light)  atoms,  in  pro- 
portionately less  detail  for  more  complex  atoms.  It  is  a  most  useful  and 
usually  very  accurate  approximation  to  view  a  given  excited  state  as 
arising  from  the  excitation  of  one  particular  electron,  or  occasionally 
several  of  them.  Familiar  spectroscopy  deals  almost  exclusively  with 
excited  states  attributable  to  the  excitation  of  the  most  weakly  bound 
(i.e.,  valence)  electrons.  Such  states  have  excitation  energies  lying  in 
the  range  of  about  3  to  20  electron  volts  (ev)  for  all  atoms.  States  which 
correspond  to  the  excitation  of  more  tightly  bound  electrons  have  been 
much  less  extensively  investigated  and  are  usually  not  very  important  in 
practice.  The  energies  of  the  various  electronic  states  of  atoms  all  have 
different,  discrete  values.  It  is  this  fact — perhaps  the  most  striking  con- 
sequence of  the  quantum  laws  of  atomic  structure — which  is  responsible 
for  the  existence  of  discrete  (line)  spectra. 

In  addition  to  excitation  energy  arising  from  excitation  of  its  electronic 
system,  an  atom  has  some  translational  energy  deriving  from  its  motion 
as  a  whole.  For  a  medium  in  thermodynamical  equihbrium  the  atoms 
have  the  various  translational  energies  given  by  the  Maxwellian  distribu- 
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tion;  at  20°C,  the  mean  translational  energy  is  0.038  ev.  For  a  medium  at 
thermal  equiUbrium,  even  at  a  very  high  temperature,  the  translational 
energy  is  usually  very  small  compared  to  the  electronic  excitation  energy. 
This  need  by  no  means  be  true,  however,  if  nonequilibrium  conditions 
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Fig.  3-1.  Energy-level  diagrams  of  atomic  hydrogen,  sodium,  and  mercury.  (Only 
the  lowest  levels  are  shown.     The  doublet  separations  for  sodium  are  not  to  scale.) 

obtain — for  example,  if  a  chemical  reaction  is  proceeding.  The  transla- 
tional energy  is  never  included  in  energy-level  diagrams,  because  it  cannot 
change  appreciably  during  a  transition.  There  is  no  analogous  rota- 
tional energy  from  rotation  of  the  atom  as  a  whole;  since  only  rotation  of 
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electrons   is   involved,    any   such   energy  is  included  in  the  electronic 
energy. 

Transitions  between  states  may  take  place  by  emission  or  absorption  of 
electromagnetic  radiation  or  in  impact  with  other  systems.  In  radiative 
transitions  a  single  atom  is  raised  to  a  "higher"  state  (i.e.,  one  of  greater 
energy),  or  reverts  to  a  lower  one,  by  absorbing  or  emitting  a  single 
photon  of  Hght.  The  energy  hi>  of  this  photon  is  exactly  equal  to  the 
difference  in  energies  of  the  two  states  of  the  atom.  A  few  of  the  more 
important  radiative  transitions  of  H,  Na,  and  Hg  are  labeled  in  Fig.  3-1. 
(It  should  be  noted  that  hydrogen  is  diatomic,  and  the  transitions  from 
the  ground  state  shown  in  the  diagram  cannot,  therefore,  be  observed  in 
absorption  under  ordinary  conditions.)  Because  excitation  of  valence 
electrons  involves  energy  differences  of  the  order  of  magnitude  of  a  few  ev, 
the  corresponding  photons  lie  in  the  visible,  or  ultraviolet  or  infrared 
regions;  this  is  the  optical  region  of  the  electromagnetic  spectrum. 

The  various  lines  of  an  atomic  spectrum  have  different  intrinsic  intensi- 
ties. Thus,  the  absorption  coefficient  will  vary  considerably  from  line 
to  hne,  some  possible  hues  (i.e.,  excitation  to  some  upper  levels)  being 
very  weak  or  not  present  at  all;  such  lines  are  referred  to  as  "forbidden." 
Similarly  variable  is  the  emission  probabihty,  which  can  be  defined  as 
the  reciprocal  of  the  mean  or  probable  lifetime  (usually  called  simply  life- 
time) of  an  at^om  in  a  particular  excited  state  for  emission  of  a  particular 
hne.  In  the  event  that  all  emission  lines  from  a  given  excited  state  are 
forbidden,  an  atom  in  the  state  will  have  a  long  lifetime  and  is  referred  to 
as  being  in  a  metastable  state.  The  intrinsic  probability  of  absorption 
of  a  given  atomic  spectral  hne  is  proportional  to  that  of  its  emission ;  thus 
metastable  atoms  are  not  ordinarily  produced  directly  by  absorption  of 
hght. 

Transitions  between  levels  may  also  take  place  in  an  impact  with  an 
electron  or  other  charged  particle,  atom,  molecule,  or  ion.  A  de-excita- 
tion by  impact,  i.e.,  transition  of  an  atom  already  excited  to  a  lower  state, 
is  called  a  "collision  of  the  second  kind"  (q.v.).  An  impact  in  which 
translational  energy  is  converted  into  excitation  energy  of  an  atom  (or 
molecule)  is  called  a  "colhsion  of  the  first  kind."  Thus,  colhsion  of  a 
moving  electron  with  an  atom  may  excite  the  latter,  the  excitation  energy 
being  provided  by  and  subtracted  from  the  kinetic  energy  of  the  electron. 
A  curious  feature  of  this  type  of  excitation,  if  the  electron  is  fairly  slow,  is 
that  the  relative  probabihties  for  excitation  of  different  levels  may  be 
markedly  different  from  those  for  optical  excitation;  for  example,  some 
metastable  states  may  be  produced  with  high  probability.  With  very 
swift  electrons  (energies  greater  than,  say,  a  few  hundred  ev)  this  behavior 
does  not  obtain:  the  relative  excitation  probabilities  in  impact  are  about 
the  same  as  the  optical  ones.  Swiftly  moving  heavy,  charged  particles 
(a  particles,  protons,  etc.)  behave  in  this  respect  like  electrons  of  equal 


PHYSICAL    PRINCIPLES    OF    CHEMICAL    REACTIONS  201 

velocity.  Slowly  moving  heavy  particles,  either  charged  or  uncharged, 
can  also  excite  atoms  in  impact.  The  probability  of  excitation  is,  of 
course,  zero  unless  the  relative  kinetic  energy  of  a  particle  exceeds  the 
particular  excitation  energy  of  the  atom;  the  kinetic  energy  must,  how- 
ever, be  of  order  of  magnitude  10  ev  greater  if  the  probability  is  to  be 
appreciable.  This  type  of  excitation  is  encountered  only  infrequently. 
An  atom  may  also  be  excited  in  a  collision  with  a  second  atom  (either  the 
same  or  a  different  species)  which  is  already  excited.  Since  this  is  a 
collision  of  the  second  kind  for  the  second  atom,  discussion  of  the  process 
will  be  deferred  to  Sect.  3-lc.  Finally,  excited  atoms  can  be  produced  by 
the  dissociation  of  excited  molecules  (Sects.  3-2e,  3-2f,  3-3c),  by  the  dis- 
sociation of  ionized  molecules  (Sect.  4-3b),  as  products  of  the  recombina- 
tion of  positive  ions  and  negative  ions  or  electrons  (Sect.  4-3c),  as  prod- 
ucts of  the  attachment  of  electrons  to  neutral  molecules  (Sect.  4-3d),  and 
as  products  of  elementary  reactions  involving  nonexcited  atoms  and  mole- 
cules. The  last  mechanism,  which  is  responsible  for  chemiluminescence, 
is  not  directly  related  to  the  subject  of  this  article  and  will  not  be  men- 
tioned again. 

It  is  important,  in  the  study  of  chemical  consequences  of  absorption  of 
either  light  or  high-energy  radiation,  to  follow  the  excitation  energy  in 
an  excited  atom  of  a  system  to  its  ultimate  disposition.  Thus,  the  added 
energy  may  be  re-emitted,  or,  if  the  excited  atom  suffers  an  impact,  it  may 
cause  chemical  change,  or  may  be  degraded  to  heat.  The  physical 
principles  governing  these  several  possibilities  are  discussed  in  the  follow- 
ing subsections. 

3-lb.  Fluorescence  and  Phosphorescence.^  If  a  system  which  is  absorb- 
ing light  re-emits  some  or  all  of  it,  the  system  is  said  to  be  luminescent. 
Fluorescence  is  a  rapid  re-emission;  here  the  excited  system  has  one  or 
more  very  probable  radiative  transitions.  If  the  exciting  light  incident 
on  a  fluorescent  system  is  abruptly  terminated,  the  afterglow  has  only 
very  short  duration — of  order  of  magnitude  of  10~**  second.  The  fluores- 
cence light  itself  may  have  wave  lengths  equal  to  that  of  the  exciting 
radiation,  or  different  from  it ;  it  may  contain  one  or  several  or  many  lines. 
Phosphorescence,  on  the  other  hand,  is  a  slower  re-emission.  The  after- 
glow of  atoms  usually  has  duration  of  10~^  to  1  second.  (In  other  types 
of  system  it  may  be  very  much  longer.)  Phosphorescence  radiation  may 
or  may  not  contain  the  exciting  wave  length,  and  it  may  contain  one  or 
several  others.  In  the  case  of  atoms  it  arises  from  the  formation,  sub- 
sequent to  the  initial  light  absorption  act,  of  metastable  atoms.  If  a 
metastable  atom  does  not  have  the  possibiUty  of  losing  its  energy  (or 
part  of  it)  in  an  impact,  it  must  perforce  radiate  it,  but  the  small  prob- 
ability of  radiation  results  in  a  protracted  emission.^ 

®For  further  details  the  treatise  by  Pringsheim  (1949)  should  be  consulted. 

^  There  exists  a  considerable  confusion  as  to  the  definition  of  and  criteria  for  dis- 
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Resonance  radiation  is  a  term  given  to  fluorescence  radiation  having 
wave  length  identical  with  that  of  the  exciting  light.  If  a  photon  of  this 
wave  length  is  incident  on  the  atomic  gas  or  vapor  at  suitable  pressure,  it 
may  be  absorbed  and  re-emitted  many  times  before  ultimately  escaping; 
in  a  sense,  the  energy  migrates  or  diffuses  through  the  gas.  Only  very 
special  absorption  lines  of  an  atomic  gas  can  be  resonance  lines.  Since 
an  atom  excited  to  a  high  level  usually  has  several  possible  radiative 
transitions  to  lower  levels,  it  is  customary  to  consider  only  those  absorp- 
tion lines  of  a  given  element  having  longest  wave  length  (for  a  particular 
spectral  series)  as  resonance  lines.  Very  few  elements  have  more  than 
one  or  two  of  them. 

Mercury  vapor  provides  excellent  illustrations  of  each  of  the  processes 
just  discussed.  The  two  absorption  lines  of  wave  length  1850  A  and 
2537  A  (Fig.  3-1)  are  resonance  lines.  An  atom  brought  to  a  high  state 
(e.g.,  7^Pi)  will  emit  fluorescence  radiation  having  several  wave  lengths. 
If  an  atom  is  raised  to  the  6^Pi  state,  either  by  light  absorption  or  by 
electron  impact,  and  then  brought  to  the  6^Po  by  impact  (say,  with  an 
N2  molecule;  cf.  Sect.  3-le)  before  it  emits  a  photon  of  resonance  radiation, 
it  will  not  undergo  a  direct  radiative  transition  because  the  ^Pq  state  is 
metastable.  Instead  it  will  have  a  prolonged  existence  in  the  ^Po  state, 
and  not  until  a  subsequent  collision  brings  it  back  to  the  ^Pi  state  will  it 
radiate  a  photon  of  2537  A,  which  would  then  be  called  phosphorescence. 

Emission  of  radiation  by  an  excited  atom  can  occur  only  if  this  process 
competes  favorably  with  (crudely,  is  not  much  slower  than)  other 
de-excitation  processes.  Thus,  the  fluorescence  or  phosphorescence  of  a 
gas  may  be  quenched  by  the  addition  of  another  gas,  the  atoms  of  which 
remove  the  excitation  energy  in  collisions  of  the  second  kind.  The  study 
of  quenching  is  a  valuable  source  of  information  on  the  laws  governing 
energy  transfer  in  impacts  of  excited  with  normal  atoms  or  molecules. 

3-lc.  Collisions  of  the  Second  Kind.^  The  designation  "collision  of  the 
second  kind"  as  used  here  embraces  all  cases  in  which  an  excited  atom 
. / 

tinguishing  between  fluorescence  and  phosphorescence.  The  above  definition  was 
chosen  by  virtue  of  its  prevaiHng  use.  However,  it  would  be  advantageous  if  the 
more  refined  definitions  recommended  by  Pringsheim  (1949)  were  adopted.  Prings- 
heim  calls  any  luminescence  which  is  protracted  merely  because  of  an  intrinsically 
small  radiative  transition  probability  a  sloiv  fluorescence.  Thus  direct  radiation 
from  a  metastable  state  is  not  phosphorescence.  The  term  phosphorescence  is 
reserved  for  luminescence  for  which  an  external  influence  is  required  in  order  that  the 
activated  system  (metastable  atom,  etc.)  be  able  to  radiate.  Thus,  in  the  case  of 
metastable  atoms,  the  direct  radiative  transitions  are  called  slow  fluorescence;  if  the 
metastable  atoms  are  brought  to  normal  (i.e.,  not  metastable)  states  by  impacts,  the 
radiation  is  called  phosphorescence.  The  necessity  of  impacts  here  leads  to  a  depend- 
ency of  the  duration  of  afterglow  on  the  pressure  and  temperature  of  the  gas. 

^  For  detailed  treatment  and  a  wealth  of  examples,  see  Massey  and  Burhop  (1952); 
Willey  (1937);  and  Massey  (1949). 
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(or  ion  or  molecule)  loses  the  whole  or  part  of  its  excitation  energy  in  an 
impact  with  an  electron,  or  with  an  atom  (or  ion  or  molecule)  initially  in 
its  ground  state.  Also  included  is  the  special  case  in  which  an  ionized 
atom  loses  its  ionization  energy,  i.e.,  is  neutralized  (cf.  Sect.  4-3a).  If 
the  atom  initially  excited  is  fluorescent,  collisions  of  the  second  kind 
always  manifest  themselves  by  a  quenching  of  that  fluorescence.  In 
addition  to  energy  exchange,  one  or  a  group  of  atoms  may  be  transferred 
between  the  colhding  partners.  The  following  types  of  coUision  of  the 
second  kind  for  a  neutral  excited  atom  are  known.  (The  symbols 
A*,  B*,  etc.,  denote  atoms  in  excited  states;  A,  B,  etc.,  denote  the  same 
atoms  in  their  ground  states;  e  denotes  an  electron.)  Examples  of  most 
of  them  are  given  in  Sect.  3-le. 

I.  An  excited  atom  coUides  with  a  slow  electron:  the  products  are  a 
normal  atom  (or  an  atom  in  a  lower  excited  state)  and  a  faster  electron. 
Thus 

A  *  +  e  — >  A  +  e  (with  greater  kinetic  energy) 

This  process  is  important  in  certain  types  of  gaseous  discharge. 

II.  An  excited  atom  coUides  with  an  atom  (or  molecule)  in  its  ground 
state:  the  products  are  the  two  atoms  having  no  electronic  excitation  but 
greater  translational  energy.     Thus 

A*  +  B  -^  A  -\-  B  (both  with  greater  kinetic  energy) 

This  process  usually  has  exceedingly  low  probability  at  normal  tempera- 
tures (for  a  reason  to  be  explained  in  Sect.  3-2c).  A  special  case  is  that 
in  which  A*  is  merely  brought  to  a  lower  excited  state  as  a  result  of  the 
impact.  Here  the  probability  may  be  quite  appreciable  at  normal  tem- 
peratures if  the  difference  in  excitation  energy  of  the  two  excited  states  of 
A  that  are  involved  is  very  small — say,  not  greater  than  a  few  tenths  ev. 

III.  An  excited  atom  collides  with  an  atom  (or  molecule)  in  its  ground 
state;  the  result  is  the  de-excitation  of  the  first  and  excitation  of  the 
second.     Thus 

A*  -^  B^  A  +  B* 

This  process  can  occur  only  if  atom  B  possesses  an  excited  state  with 
excitation  energy  lower  than  or  equal  to  (or  only  very  slightly  in  excess  of) 
the  excitation  energy  of  A*.  If  that  energy  is  smaller,  the  energy  hber- 
ated  in  the  reaction  appears  as  augmented  translational  energy  of  A  and 
B*.  If  it  is  sHghtly  greater,  the  needed  energy  may  be  provided  by 
initial  kinetic  energy  of  A*  or  B.  If  the  B*  atoms  are  not  quickly 
deactivated  in  other  impacts  of  the  second  kind,  they  will  radiate  their 
own  characteristic  spectrum,  a  striking  phenomenon  called  sensitized 
fluorescence. 

IV.  An  excited  atom  collides  with  an  atom  or  molecule  in  its  ground 
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state:  the  result  is  a  transition  of  the  first  to  a  lower  excited  state  and 
excitation  of  the  second.     Thus 

A*  +  B^  A*'  +  B* 

This  type  can  be  distinguished  from  III  by  the  properties  of  the  new 
excited  state  of  A. 

V.  An  excited  atom  colUdes  with  an  atom  or  molecule  in  its  ground 
state:  ionization  of  the  latter  takes  place.     Thus 

A*  +  5^  A  +  5+  +  e 

For  this  process  to  occur  it  is  necessary  that  the  ionization  potential  of 
B  be  smaller  than  the  excitation  energy  of  A*. 
Another  possibility  is 

A* -{- B  ^  AB+ -{- e 

This  process  has  a  less  stringent  energy  limitation  but  is  much  less 
common.     An  example  occurs  in  cesium  vapor  (Cs^  is  formed). 

VI.  An  excited  atom  collides  with  a  diatomic  (or  polyatomic)  molecule: 
the  products  are  a  normal  atom  and  a  dissociated  molecule.     Thus 

A*-i-BC^A-\-B  +  C 

It  is  necessary,  not  only  that  the  excitation  energy  of  A*  exceed  the  dis- 
sociation energy  of  the  molecule,  as  is  demanded  by  energy  conservation, 
but  that  it  in  fact  be  considerably  greater  (Franck-Condon  principle,  q.v.). 

VII.  An  excited  atom  collides  with  a  molecule:  a  chemical  change 
occurs.     Thus 

A*  -\-  BC  -^  AB  i-  C 

This  extremely  important  process  is  discussed  in  the  following  subsection. 

VIII.  An  excited  atom  collides  with  an  atom  or  molecule  and  a  third 
body:  the  first  two  combine  to  form  a  larger  molecule,  the  excess  energy 
being  removed  as  translational  energy  of  the  third  body.     Thus 

A*  -\-  B  -\-  third  body  ^  AB  -\-  third  body 

The  participation  of  the  third  body  in  the  impact  is  essential,  for  other- 
wise the  newly  formed  molecule  would  be  dissociated  at  once  by  its 
excessively  great  excitation  energy  (cf.,  however.  Sect.  3-3e). 

IX.  An  excited  atom  collides  with  a  surface  (wall  of  a  container) : 
the  atom  is  de-excited  and  an  electron  is  ejected  from  the  surface.     Thus 

A*  -\-  surface  — >  A  +  e 

This  process  plays  an  important  role  in  a  number  of  phenomena  such  as 
certain  types  of  electrical  discharge  (e.g.,  Geiger  counters). 

A  common  classification  of  collisions  of  the  second  kind  (Willey,  1937, 
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p.  81)  distinguishes  between  those  in  which  the  interaction  is  primarily 
physical  (e.g.,  type  III)  and  those  in  which  it  is  primarily  chemical  (e.g., 
type  VII).  It  is  important  to  appreciate,  however,  that  this  distinction 
is  often  ill  defined;  thus,  type  VI  may  result  in  chemical  change,  but  the 
interaction  during  the  collision  may  be  one  ordinarily  considered  to  be  of 
physical  nature. 

Two  general  principles  influence  the  probability  of  collisions  of  the 
second  kind.  They  are:  first,  that  the  probability  is  the  greater,  the 
smaller  the  electronic  energy  that  has  to  be  transformed  into  or  from 
translational  energy  of  heavy  entities  such  as  atoms;  and  second,  that 
the  probability  is  greater,  other  factors  being  equal,  for  that  process  in 
which  the  total  resultant  spin  of  the  two  collision  partners  is  unchanged. 
The  first  of  these,  often  called  the  "resonance  rule,"  is  explained  by 
the  Franck-Condon  principle  (Sect.  3-2c),  and  may  be  treated  in  some 
cases  as  a  special  instance  of  quantum-mechanical  resonance;  the  second, 
often  called  the  "spin-conservation  rule,"  is  an  approximate  result  of  a 
quantum-mechanical  calculation  which  cannot  be  carried  through  with 
great  accuracy.  The  first  has  been  abundantly  verified  (Massey  and 
Burhop,  1952;  Willey,  1937) — for  example,  by  the  relative  intensities  of 
various  lines  in  sensitized  fluorescence.  The  second  has  been  tested  and 
verified  in  relatively  few  cases  (Massey  and  Burhop,  1952;  Willey,  1937) ; 
it  is  less  generally  applicable,  and  has  smaller  quantitative  effect  than 
the  first. 

It  is  an  evident  truth  that  collisions  of  the  second  kind  play  a  vital  role 
in  the  mechanisms  of  many  chemical,  photochemical,  and  radiation- 
chemical  reactions — and  doubtless  in  radiobiological  reactions  as  well. 

3-ld.  Exchange  Reactions.^  One  of  the  most  common  ways  in  which  an 
excited  atom  can  initiate  chemical  change  is  by  the  type  VII  of  collision 
of  the  second  kind  just  described — often  called  simply  an  exchange 
reaction.  This  reaction  can  take  place  only  if  the  sum  of  excitation 
energy  of  A  and  dissociation  energy  of  AB  is  greater  than  the  dissociation 
energy  of  BC.  The  energy  excess  must  be  divided  between  vibrational 
energy  of  AB  and  translational  energy  of  the  products.  This  partition, 
and  its  statistical  distribution  in  any  one  case,  must  be  expected  to  vary 
markedly  from  one  instance  to  another.  If  the  excess  energy  exceeds  the 
dissociation  energy  of  A B,  in  a  certain  fraction  of  processes  the  molecule 
AB  will  be  left  in  a  high  enough  "vibrational"  state  so  that  it  will  dissociate 
spontaneously.  This  is  equivalent  to  process  VI,  and  it  is  difficult  to 
attain  knowledge,  either  experimentally  or  theoretically,  on  the  per- 
centages of  process  VI  that  proceed  directly  or  via  VII. 

Exchange  reactions  may  have  great  probability ;  cross  sections  as  great 
as  10"^^  cm-  have  been  reported.     [For  the  definition  of  the  effective 

9  For  further  details  see  Massey  and  Burhop  (1952);  Willey  (1937);  Laidler  and 
Shuler  (1951);  Massey  (1949). 
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"cross  section"  as  a  measure  of  the  probability  that  a  certain  event 
occurs  in  a  binary  colHsion,  cf.  Massey  and  Burhop  (1952).]  In  a  few 
cases  it  has  been  possible  to  describe  in  some  detail  the  interaction  of 
A*,  B,  and  C  as  the  reaction  proceeds,  and  to  deduce  the  reaction  rate 
(Laidler  and  Shuler,  1951). 

The  type  of  exchange  reaction  discussed  here  is  intimately  related  to 
that  in  which  an  unexcited  "free"  atom  or  radical  A  reacts  with  BC  to 
form  AB  and  C;  indeed,  the  latter  type  is  merely  a  special  case  of  the 
former.  Exchange  reactions  of  free  atoms  and  radicals  are  steps  in  the 
mechanisms  of  many  thermal  as  well  as  photochemical  and  radiation- 
chemical  reactions. 

An  illustrative  example  of  an  exchange  reaction. is  discussed  in  the 
following  subsection  and  again  in  Sect.  3-3a. 

3-le.  An  Example:  Reactions  of  Excited  Mercury  Atoms.  The  two 
strongest  absorption  lines  of  Hg  vapor  are  the  resonance  lines  1850  A  and 
2537  A.  Both  lines  are  also  strongly  emitted  by  a  quartz  Hg  lamp ;  the 
former,  however,  is  ordinarily  at  least  partly  absorbed  by  the  quartz  wall 
of  the  lamp,  or  by  any  interposed  air,  and  is  therefore  difficult  to  work 
with;  the  latter  is  the  strongest  ultraviolet  line  emitted  by  such  a  lamp, 
and  is  the  most  popular  source  of  ultraviolet  light.  The  upper  level 
(6^Pi)  of  the  2537  A  line  (cf.  Fig.  3-1)  is  one  of  a  "triplet"  group,  the 
other  two  of  which  (6^Po  and  6^P2)  are  metastable  and  are,  therefore, 
not  produced  directly  by  light  absorption. 

The  6^Pi  excited  state  of  Hg  (to  which  the  notation  Hg*  will  hence- 
forth specifically  refer)  can  also  be  produced  by  collisions  with  electrons. 
If  the  energy  of  the  electrons  in  a  beam  is  constant,  it  is  found  that  no 
excitation  occurs  if  this  energy  is  less  than  the  excitation  energy  of  Hg* 
(4.86  ev) .  If  it  equals  or  exceeds  this  amount,  abundant  excitation  occurs 
and  is  demonstrated  by  a  pronounced  radiation  of  the  2537A  line.  Some 
of  the  many  varieties  of  collisions  of  the  second  kind  which  Hg*  has  been 
shown  to  undergo  are  now  briefly  reviewed.  The  Hg*  may  be  produced 
either  by  light  absorption  or  by  electron  impact  in  a  discharge.  All 
the  processes  are,  of  course,  accompanied  by  a  quenching  of  the  Hg* 
fluorescence. 

I.  Hg*  +  e  — >  Hg  -\-  e  (with  correspondingly  greater  kinetic  energy). 
This  process  occurs  in  mercury  discharges  in  which  both  Hg*  and  free 
electrons  are  abundant. 

II.  An  example  would  be 

Hg*  +  He  -^  Hg  +  He  +  kinetic  energy 

This  process,  with  rare  gas  atoms,  does  not  occur  with  appreciable  prob- 
ability at  ordinary  temperatures,  a  fact  in  harmony  with  the  dictate  of 
the  Franck-Condon  principle  against  conversion  of  electronic  energy  into 
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translational  energy  of  heavy  particles  (cf.  Sect.  3-2c  for  explanation). 
Quenching  of  the  fluorescence  by  type  III  is  also  impossible,  because  the 
lowest  excitation  energy  of  the  rare  gases  far  exceeds  4.86  ev.  With  rare 
gas  atoms,  a  small  probability  does  exist  for  transfer  of  the  d^Pi  atoms 
to  the  6To  state;  this  is  evidenced  by  a  prolonged  afterglow.     (The 

reaction 

O*  +  Ne  -^  O  +  Ne 

has,  however,  been  detected;  the  cross  section  is  only  10^^^  cm^.) 

III.  An  example  is 

Hg*  +  Tl  ^  Hg  +  Tl* 

sensitized  fluorescence  of  Tl*  being  observed.  The  only  Tl  Hnes  which 
occur  are  those  having  an  excitation  energy  lower  (or  only  slightly 
greater)  than  4.86  ev.  Many  other  cases  have  been  investigated  in  detail. 
The  cross  sections  for  these  processes  are  usually  quite  great.  In  the 
case  of  the  sensitized  fluorescence  by  Hg*  of  Na  vapor,  the  validity  of 
the  first  general  principle  mentioned  (resonance)  is  convincingly  demon- 
strated by  the  much  greater  fluorescence  from  that  excited  state  of  Na 
which  has  excitation  energy  (4.88  ev)  closest  to  the  excitation  energy  of 
Hg*. 

IV.  An  example  is 

Hg*  +  N2  -^  Hg  (6^Po)  +  n; 

the  N2  being  left  in  an  excited  vibrational  state.  This  process  is  proved 
by  observation  of  absorption  lines  originating  in  the  6^Po  state,  or  by  a 
resulting  delay  in  the  fluorescence  of  Hg;  Hg  atoms  in  the  6^Po  state  have 
such  a  small  radiative  transition  probability  that  they  live  long  enough 
to  be  returned  to  the  6*Pi  in  a  subsequent  collision  with  an  N2  molecule. 
It  is  also  demonstrated  by  the  fact  that,  although  N2  quenches  the  Hg 
resonance  radiation,  when  it  is  added  to  a  mixture  of  Hg*  and  Tl  it 
increases  the  sensitized  fluorescence.  (The  metastable  6^Po  atoms  are 
virtually  nonfluorescent,  but  readily  excite  Tl  by  process  III;  the  sen- 
sitized fluorescence  is  increased  because  its  competition  with  Hg  fluores- 
cence is  favored.  The  greater  efficiency  of  metastable  atoms  for  collisions 
of  the  second  kind  is,  as  must  be  anticipated,  a  common  phenomenon.) 

If  O2  is  used  in  place  of  N2,  the  fluorescence  is  quenched  and  cannot  be 
recovered  ay  sensitized  fluorescence  if  Tl  is  added.  The  process  is 
probably 

Hg*  +  O2  -^  Hg  (ground  state)  +  O? 

V.  No  example  of  this  type  has,  apparently,  been  observed  for  Hg*, 
doubtless  because  4.86  ev  is  smaller  than  the  ionization  potentials  of 
almost  all  atoms  and  molecules.  The  process  is,  however,  a  familiar 
one  in  cases  for  which  energy  conservation  is  satisfied  (Massey  and 
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Burhop,  1952),  and  is  particularly  important  in  systems  in  which 
metastable  rare  gas  atoms  are  present.  When  possible,  the  process  has 
high  probabihty  because  it  is  one  of  exact  resonance;  the  electron 
acquires  kinetic  energy  just  equal  to  the  difference  between  the  excita- 
tion energy  of  A*  and  the  ionization  potential  of  B. 

VI.  An  example  is 

Hg*  +  H2  ^  Hg  +  H  +  H 

Here  the  dissociation  energy  of  H2  is  4.48  ev,  so  that  0.38  ev  is  hberated 
to  kinetic  energy  of  the  three  products.  The  presence  of  H  atoms  is 
readily  verified  by  the  usual  methods.  As  stated  above,  it  is  difficult  to 
distinguish  between  this  process  and  an  indirect  one  following  VII.  The 
combined  (quenching)  cross  section  is  6  X  10"^''  cm^  A  great  many 
sensitized  photochemical  reactions,  initiated  by  this  process  or  by  VII  (or 
by  III  with  subsequent  spontaneous  dissociation),  have  been  studied  in 
detail  (e.g.,  decomposition  of  hydrocarbons).  Such  studies  have  the 
advantages  that  the  initial  light-absorption  process  is  well  understood 
and  the  primary  kinetics  are  simple,  so  that  attention  can  be  focused  on 
later  elementary  processes.  They  may  also  provide  photochemical 
information  about  a  substance  in  a  wave-length  region  in  which  it  is 
transparent. 

VII.  An  example  is 

Hg*  +  H2-^HgH  +  H 

Since  the  dissociation  energy  of  HgH  is  0.37  ev,  the  energy  excess  is  0.75 
ev,  and  this  is  divided  between  vibrational  and  rotational  energy  of  the 
HgH  molecule  and  translational  energy  of  the  two  products.  The  pres- 
ence of  HgH  is  demonstrated  by  observation  of  its  emission  spectrum. 
The  HgH  molecule  would  probably  be  produced  in  a  high  rotational  state, 
but  its  electronic  excitation  must  be  the  result  of  a  subsequent  collision 
with  another  Hg*.  It  may  be  mentioned  that  a  collision  of  type  III, 
with  deactivation  of  Hg*  and  excitation  of  H  2  to  a  high  vibrational 
state,  is  not  possible;  it  would  violate  not  only  the  Franck-Condon  prin- 
ciple, but  also  the  spin-conservation  rule. 

This  reaction  is  the  prototype  of  a  group  of  photosensitized  reactions 
in  which  Hg*  reacts  with  a  hydrocarbon  RH  and  a  free  radical  R  is 
formed.     Such  reactions  have  been  extensively  studied  (cf.  Steacie,  1946). 

VIII.  An  example  would  be 

Hg*  -1-  H  -^  HgH* 

another  proposed  process  for  the  excitation  of  the  HgH  spectrum  during 
the  mercury-sensitized  decomposition  of  hydrogen,  the  H  atoms  arising 
from  process  VI  (or  VII). 

IX.  This  process  has  been  observed  with  metastable  Hg  atoms  (6^Po) 
and  many  varieties  of  surface. 
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3-2.  ELEMENTARY  PROCESSES 
INVOLVING  EXCITED  DIATOMIC  MOLECULES 

3-2a.  Energy  of  Electronic  Configuration,  Vibration,  Rotation,  and  Trans- 
lation. An  isolated  diatomic  molecule  can,  like  an  atom,  exist  only  in 
one  of  a  certain  number  of  well-defined  "quantum"  states,  each  of  which 
is  characterized  by  a  set  of  values  of  those  properties  of  the  molecule  which 
are  well  defined.  In  contrast  to  the  atomic  case,  however,  this  character- 
ization includes  not  only  specification  of  the  electronic  state  of  the  mol- 
ecule, but  also  of  its  vibrational  state  and  rotational  state.  A  molecule 
may  also  have  translational  energy,  as  in  the  atomic  case,  and  again  this 
energy  may  have  any  arbitrary  magnitude,  but  one  can  properly  ignore 
it  in  consideration  of  the  energies  of  the  various  molecular  states. 

The  electronic  state  of  a  molecule  reflects  the  structure  of  the  electrons 
of  the  constituent  atoms,  although,  again,  the  positions  of  the  electrons 
are  not  well-defined  properties.  It  is  specified  by  a  conventional  sym- 
bolism similar  to,  but  necessarily  more  complex  than  that  used  for  atoms 
(cf.  Fig.  3-3).  The  excitation  energies  for  electronic  states  are  again  of 
order  of  magnitude  of  several  ev,  so  that  the  emission  or  absorption 
spectra  arising  from  transitions  between  two  such  states  again  lie  in  the 
optical  region. 

A  diatomic  molecule  in.  any  given  electronic  state  may  still  be  in  one  of 
a  large  number  of  vibrational  states,  each  corresponding  to  a  different 
amount  o^  energy  of  vibration  of  the  two  atoms  with  respect  to  one 
another.  (By  "vibrational  energy" — also  called  oscillational  energy — is 
meant,  of  course,  the  total  energy  of  vibration.  For  a  molecule  in  a  given 
vibrational  state  the  potential  energy  and  kinetic  energy  of  the  two 
atoms  with  respect  to  each  other  changes  mth  time,  but  the  sum  is 
constant.)  The  vibration  of  a  stable  molecule  in  a  low  vibrational  state 
is  ordinarily  quite  analogous  to  a  simple  harmonic  oscillator.  A  vibra- 
tional state  is  much  more  easily  characterized  than  is  an  electronic  state; 
indeed,  one  parameter  v,  which  is  termed  the  vibrational  quantum  num- 
ber and  must  be  a  positive  integer  or  zero,  is  usually  sufficient.  Thus, 
according  to  quantum  theory,  the  vibrational  energy  of  a  diatomic  mol- 
ecule is  given  (approximately)  by 

E^b  =  hv,,h{v  +  ^i) 

It  is  obvious  that  the  possible  vibrational  energy  levels,  corresponding  to 
different  values  of  v,  namely,  0,  1,2,  3,  4,  etc.,  are  (approximately)  equally 
spaced.  The  spacing  is  determined  by  the  fundamental  frequency  f„i6 
and  depends  not  only  on  the  nature  but  also  on  the  particular  electronic 
state  of  the  vibrating  molecule.  For  higher  vibrational  levels  it  decreases, 
often  approaching  zero  at  the  dissociation  limit.  The  energy  hv^ib  for  a 
diatomic  molecule  is  ordinarily  of  order  of  magnitude  0.1  ev;  for  H2,  a  very 
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tightly  bound  molecule  with  very  light  vibrating  atoms,  it  has  the  excep- 
tionally great  value  of  0.52  ev.  Thus  vibrational  levels  are  much  more 
closely  spaced  than  are  electronic  levels.  It  is  an  interesting  and  impor- 
tant fact  that  the  vibrational  state  corresponding  to  w  =  0  still  has 
Evib  =  }4.hv^ih.  Thus  the  lowest  state  permitted  by  the  quantum  theory 
is  one  of  positive  energy;  that  energy,  }ihv^,ib,  is  called  the  zero-point 
energy. 

Even  though  the  electronic  and  vibrational  states  are  specified, 
characterization  of  the  state  of  a  molecule  is  incomplete,  for  it  may 
be  in  one  of  many  possible  rotational  states.  The  rotational  state  is 
specified  simply  by  the  rotational  quantum  number  J,  which  must  be  a 
positive  integer  or  zero,  and  the  rotational  energy  is  given  (approx- 
imately) by 

Erot    =    hVrotJ{J   +    1) 

It  is  to  be  noted  that  the  lowest  rotational  state  is  effectively  one  of  no 
rotation,  and  that  the  spacing  of  the  rotational  levels  increases  as  the 
excitation  (and  therefore  J)  increases. 

As  an  example  of  the  foregoing,  some  of  the  energy  levels  of  the  N2 
molecule  are  illustrated  in  Fig.  3-2.  It  is  interesting  to  note  that  hv^ib  for 
this  molecule  is  0.29  ev,  so  that  in  the  process 

Hg*  -f-  N,  ^  Hg  (6«Po)  +  N; 

discussed  in  Sect.  3-le  the  excited  state  meant  by  Ng  is  doubtless  the  first 
excited  vibrational  level  of  the  ground  electronic  state.  [The  6^Pi  —  6^Po 
energy  difference  is  0.22  ev,  so  that  the  process  is  endothermal  by  0.07  ev. 
This  energy  must  be  provided  by  the  translational  and  chiefly  rotational 
energy  of  the  colliding  N2,  but  since  it  is  only  about  twice  the  mean 
thermal  translational  energy,  about  one-tenth  of  the  N2  molecules  have 
at  least  the  required  amount.  It  should  not  be  supposed,  however,  that 
one-tenth  of  the  collisions  between  Hg*  and  N2  result  in  the  transi- 
tion, for  the  necessity  of  providing  an  activation  energy  (cf.  Sect.  3-2c) 
diminishes  this  fraction  considerably]. 

Transitions,  by  emission  or  absorption  of  light,  between  energy  levels 
of  a  molecule  give  rise  to  its  characteristic  spectrum.  Transitions 
between  two  different  electronic  states  can  be  made,  however,  in  a  variety 
of  combinations,  according  to  the  particular  vibrational  and  rotational 
levels  of  the  initial,  and  of  the  final,  state.  The  array  of  wave  lengths 
comprising  the  various  possible  combinations  is  an  intricate  one,  the 
spectral  lines  being  grouped  into  a  series  of  hands,  each  of  which  corre- 
sponds to  a  definite  vibrational  transition  with  differences  only  in  rota- 
tion. The  band  spectra  of  diatomic  molecules  arising  from  electronic 
transitions  lie  in  the  visible  or  ultraviolet  region.  Transitions  between 
vibration-rotation  levels  of  the  same  electronic  state  are  also  possible  (if 
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the  molecule  has  a  permanent  dipole  moment) ;  they  involve  much  smaller 
energy  differences  and  hence  lie  in  the  infrared  region.  Transitions 
between  different  rotational  levels  of  the  same  vibrational  level  can  also 
occur;  these  lie  still  farther  in  the  infrared.  Information  on  the  energy 
levels  of  diatomic  molecules  is  obtained  chiefly  from  analysis  of  their 
electronic  and  infrared  spectra  (emission  and  absorption),  and  from  their 
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Fig.  3-2.  Energy-level  diagram  of  molecular  nitrogen.  (Only  the  lowest  of  the 
electronic,  vibrational,  and  rotational  levels  are  shown.  The  separation  of  rotational 
levels  is  not  to  scale.) 


Raman  spectra  (Herzberg,  1950) ;  some  further  knowledge  may  be  gained 
from  electron-impact  experiments  (Massey  and  Burhop,  1952). 

3-2b.  Potential  Curves.  If  a  diatomic  molecule  were  prevented  from 
vibrating  and  rotating,  the  two  nuclei  of  its  constituent  atoms  being  con- 
strained to  a  separation  r,  the  molecule  would  have  a  total  energy  which 
depends  on  r.  This  function  E{r)  is  highly  important  for  the  under- 
standing of  many  properties  of  molecules.     Thus,  if  r  is  very  great,  the 
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Fig.  3-3.  Potential  curves  of  some  of  the 
electronic  states  of  molecular  hydrogen. 


total  energy  is  essentially  the  sum  of  the  energies  of  the  two  separated, 
isolated  atoms.  In  the  case  of  two  atoms  which  attract  each  other,  and 
therefore  form  a  stable  molecule,  if  r  is  diminished  E  will  at  first  decrease. 
When  r  becomes  very  small,  however,  the  atoms  interpenetrate  and  repel 
each  other  (the  electron  shells  no  longer  shield  the  respective  positive 
nuclear  charges  and  prevent  their  Coulomb  repulsion) ,  so  that  as  r  further 
decreases  E  ceases  to  decrease  and  finally  rapidly  increases.  This 
behavior  of  E{r)  gives  rise  to  a  characteristic  "potential  curve"  such  as 
the  lowest  curve  in  Fig.  3-3.     The  presence  of  the  minimum  in  this  curve 

indicates  the  formation  of  a  stable 
diatomic  molecule,  and,  indeed,  the 
value  of  r  at  that  minimum  (called 
rj  is  just  the  interatomic  separa- 
tion in  the  non vibrating  molecule. 
In  certain  electronic  configura- 
tions the  two  separated  atoms,  as  r 
decreases,  do  not  attract  each  other; 
instead  they  repel.  The  distance 
at  which  the  repulsion  sets  in  varies 
considerably  and  depends  on  the 
nature  of  the  repulsive  force.  An  example  of  this  type  of  potential  curve 
is  the  second  lowest  curve  in  Fig.  3-3.  The  absence  of  a  minimum  means 
that  a  stable  molecule  is  not  formed. 

The  state  of  lowest  energy  of  a  stable  molecule  is  that  at  the  minimum 
of  the  potential  curve.  If,  for  a  molecule  having  slightly  greater  energy, 
i.e.,  r  differing  shghtly  from  re,  the  constraint  on  vibration  is  suddenly 
removed,  the  molecule  will  vibrate  about  r^.  The  total  energy  will  remain 
constant,  a  certain  fraction  of  it  varying  between  potential  energy  and 
kinetic  energy  of  vibration.  The  value  of  E  at  r,,  is  accordingly  con- 
sidered to  be  the  electronic  energy  of  the  state  corresponding  to  the  partic- 
ular potential  curve,  and  the  height  of  the  actual  energy  above  the  min- 
imum to  be  the  vibrational  energy  Evib-  Molecular  vibration  is  analogous 
to  the  frictionless  motion  under  the  influence  of  gravity  of  a  small  ball  in  a 
hole  having  the  contour  of  the  potential  curve.  According  to  ciuantum 
theory,  the  possible  energy  levels  (represented  by  horizontal  lines  stretch- 
ing across  the  curve)  are  located  at  intervals  of  /iJ^,*  above  the  lowest 
level,  which  in  turn  is  located  at  a  height  of  ^-z^Vvib  above  the  minimum 
(cf.  Fig.  3-6).  This  representation  is  far  more  useful  than  the  simpler 
type  shown  in  Fig.  3-2.  In  the  case  of  a  repulsive  curve,  there  are,  of 
course,  no  vibrational  levels.  Rotational  levels  can  also  be  incorporated 
into  potential  curves,  but  only  at  the  expense  of  greater  complexity  of  the 
representation  (cf.  Herzberg,  1950). 

The  dependence  of  E  on  r  is  different  for  each  electronic  state  of  the 
molecule.     This  statement  is  made  clearer  upon  consideration  of  the  fact 
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that  the  strength  of  attraction  of  two  atoms  will  depend  on  the  electronic 
states  in  which  they  happen  to  be.  Thus  an  ''energy-level  diagram"  of 
this  type  includes  a  number  of  curves  for  a  given  molecule;  for  each  elec- 
tronic state  there  is  a  particular  curve  having  its  own  value  of  electronic 
(i.e.,  minimum)  energy,  r^,  v„b,  etc.  The  limit  corresponding  to  very 
great  r  is  that  of  dissociation  of  the  molecule.  The  ground  electronic 
state  usually  dissociates  into  atoms  in  their  ground  states;  excited  states 
usually  dissociate  into  atoms  at  least  one  of  which  is  excited.  This 
behavior  is  illustrated  in  Fig.  3-3.  For  an  attractive  potential  curve,  the 
difference  between  the  energy  limit  at  infinite  r  and  the  energy  in  the 
lowest  vibrational  state  is  just  the  dissociation  energy.  Each  electronic 
state  has  its  own  dissociation  energy ;  the  normal  dissociation  energy  of  a 
molecule  is  that  for  the  ground  electronic  state.  i° 

Quantitative  information  on  potential  curves  is  obtained  chiefly  from 
the  study  of  spectra  of  molecules  (Herzberg,  1950).  Figure  3-3  presents 
as  an  example  some  of  the  many  known  curves  for  the  H2  molecule.  Note 
that  two  different  states  dissociate  into  H  atoms  in  ground  states:  one 
(the  lower)  is  the  ground  state  of  the  molecule;  the  other  is  a  repulsive 
state,  and  a  molecule  in  that  state  will  immediately  fly  apart.     Figure  3-4 


Br  +  BrXPi/J 
Br+Br        ^ 


0  12  3  4  5 

INTERATOMIC     DISTANCE,   A 

Fig.  3-4.   Potential  curves  of  some  of  the  electronic  states  of  molecular  bromine. 


presents  several  curves  of  Br2.  The  lowest  curve  is  the  normal  molecule. 
The  uppermost  one  is  a  physically  stable  state  formed  when  one  of  the 
combining  atoms  is  excited;  note  that  its  r^  is  greater,  and  dissociation 
energy  smaller,  than  those  of  the  ground  state  (indicating  weaker  binding). 

10  It  is  evident  that  the  total  vibrational  energy  of  a  diatomic  molecule  must  be  less 
than  its  dissociation  energy,  for  otherwise  the  atoms  would  fly  apart.  It  can  happen, 
however,  that  the  sum  of  vibrational  energy  and  rotational  energy  exceeds  the  disso- 
ciation energy ;  a  molecule  in  such  a  state  is  metastable,  and  dissociation  will  occur 
eventually  but  usually  (if  the  energy  excess  is  small)  only  after  the  lapse  of  a  signifi- 
cant interval  of  time.  This  phenomenon  is  called  dissociation  by  rotation,  and  can  be 
readily  explained  on  the  basis  of  potential  curves  so  drawn  as  to  include  rotational 
energy  (cf.  Herzberg,  1950). 
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3-2c.  The  Franck-Condon  Principle.  This  principle,  a  useful  guide  in 
the  determination  of  the  most  probable  process  among  all  possibilities 
established  on  the  grounds  of  energy  conservation  alone,  is  essentially  a 
consequence  of  the  application  of  the  law  of  conservation  of  momentum 
with  the  additional  recognition  of  the  vastly  smaller  mass  of  an  electron 
compared  to  the  mass  of  any  atomic  nucleus  (Herzberg,  1950).  It  has  a 
variety  of  applications  to  atomic  and  molecular  processes,  both  those 
involving  emission  and  absorption  of  radiation,  and  those  occurring  in 
impacts. 

The  principle  states  that,  because  of  the  smallness  of  the  mass  of  an 
electron  relative  to  that  of  any  atomic  nucleus,  readjustments  of  electronic 
shells  of  atoms  and  molecules  in  electronic  transitions  (whether  radiative 
or  collisional)  take  place  so  quickly  that  little  alteration  in  either  the 
positions  or  the  momenta  of  any  atomic  nuclei  involved  can  occur.  This 
often  provides  a  criterion  for  selecting,  among  a  great  number  of  possible 
transitions,  those  which  have  significant  probability.  It  should  be  noted 
that  the  very  existence,  or  more  properly  the  physical  validity,  of  the 
concept  of  a  potential  curve  rests  on  the  same  physical  basis  as  the 
Franck-Condon  principle. 

As  an  elementary  application  of  the  principle,  the  absorption  of  light 
by  Br2  is  now  considered.  The  molecules  of  bromine  vapor,  if  not  at  an 
elevated  temperature,  will  be  predominantly  in  the  lowest  {v  =  0)  vibra- 
tional level  of  the  ground  (^S^)  electronic  state,  and  the  separation 
between  the  two  Br  atoms  must  therefore  be  just  r^  (2.28  A),  with  a  slight 
fluctuation  about  that  value  because  of  the  zero-point  vibration.  If, 
now,  a  Br2  molecule  absorbs  a  photon  and  undergoes  a  transition  to  an 
excited  electronic  state,  the  interatomic  separation  of  the  excited  Br2,  at 
the  first  instant  after  its  formation,  must  still  be  about  2.28  A.  The 
excited  state  commonly  formed  in  light  absorption  is  the  ^no»  (cf.  Fig.  3-4) ; 
it  has  a  ''  stable  "  type  of  potential  curve  with,  however,  the  comparatively 
great  Ve  of  2.66  A.  Thus  direct  transition  to  the  lowest  (?'  =  0)  vibra- 
tional level  of  this  electronic  state  is  cjuite  impossible,  for  the  heavy  Br 
nuclei  cannot  move  apart  the  necessary  0.38  A  in  the  very  short  time  (of 
order  of  magnitude  10^^  second)  available.  Instead,  the  excited  Br2  is 
formed  at  that  locality  of  its  potential  curve  where  r  =  2.28  A,  and,  as 
will  be  seen  from  Fig.  3-4,  this  point  lies  energetically  above  the  dissocia- 
tion level  of  the  excited  Br2.  Thus  the  excited  molecule  will  fly  apart  in  a 
time  of  approximately  one  vibrational  period,  namely,  ^-^10"^^  second. 
Moreover,  since  for  energies  in  a  given  electronic  state  above  the  dissocia- 
tion energy  there  can  be  no  vibrational  levels — the  energy  levels  there  are 
continuous — the  absorption  spectrum  must  be  continuous.  These  two 
predictions  of  the  Franck-Condon  principle,  namely,  continuous  absorp- 
tion and  formation  of  atomic  bromine  thereby,  are  acciuately  verified  by 
experiment.     Exactly  the  same  reasoning,  and  conclusions,  apply  to  the 
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excitation  of  Br 2  by  electron  impact,  for  the  duration  of  the  impact  (order 
of  magnitude  10'^®  second)  is  again  too  short  to  permit  consequential 
movement  of  heavy  nuclei. 

An  example  of  a  collision  process — the  impact  of  He  on  Hg* — is  now 
considered.  Here  again  a  potential  curve  can  be  drawn;  it  presents  the 
potential  energy  of  these  two  atoms  as  a  function  of  their  separation. 
At  all  values  of  r  greater  than  a  few  angstroms  the  curve  is  horizontal,  for 
no  forces  act  between  the  atoms,  but  there  is  a  very  shallow  minimum  in 
the  curve  at  somewhat  smaller  r  because  of  the  van  der  Waals  force,  and 
at  very  small  values  of  r  there  is  a 
steep  rise  (Fig.  3-5).  The  potential 
curve  for  a  collision  between  He  and 
a  normal  Hg  atom  can  be  drawn 
below;  it  is  similar  to  the  first  except 
that  the  minimum  is  still  shallower 
(smaller  van  der  Waals  force  because 
Hg  is  less  polarizable  than  Hg*) ;  at 
great  values  of  r  it  is  lower,  of  course, 
by  the  excitation  energy  of  Hg*, 
namely,  4.86  ev.  Somewhere  at  very 
small  r  the  two  curves  cross — or  at 
least  approach  one  another  closely.' 
In  a  collision  of  Hg*  and  He  the 
system  traces  the  upper  curve  from 
right  to  left;  it  moves  up  the  steep, 
repulsion  part  of  the  curve  only  to 
a  height  above  the  horizontal  part 
equal  to  the  relative  translational  energy  of  the  two  atoms,  and  then 
retraces  itself.     The  process 

Hg*  +  He  -^  Hg  +  He  +  kinetic  energy 

(collision  of  the  second  kind,  type  II)  would  require  the  interatomic  sep- 
aration to  decrease  suddenly  during  the  impact  (dotted  hne  on  Fig.  3-5), 
and  the  Franck-Condon  principle  shows  this  to  be  impossible."  Of 
course,  if  the  system  were  to  move  ''up"  the  curve  to  a  point  where  the 
two  curves  are  only  very  slightly  separated,  a  transition  would  be  very 
probable,  but  this  would  require  a  great  kinetic  energy  of  the  respective 
atoms.  This  conclusion  can  be  stated  alternatively  as:  only  those  colli- 
sions having  very  great  relative  translational  energy  will  result  in  a  transi- 
tion, or:  the  process  is  one  with  high  activation  energy.     This  activation 

"  The  corresponding  deactivation  of  Hg*  by  collision  with  an  electron  (type  I) 
is  not  only  possible,  but  rather  probable,  for  the  readjustment  of  the  electrons  is  so 
quick  that  it  can  easily  take  place  within  the  duration  of  the  collision  and  is  not 
governed  by  the  Franck-Condon  principle. 


.SUM    OF    "GAS- 
KINETIC"    RADII 


He-Hg   INTERATOMIC    DISTANCE 
Fig.  3-5.  Potential  curves  to  illustrate 
the  collision  of  He  with  Hg  and  with 
Hg*  (schematic). 
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energy  is  the  same  concept  and  has  identical  origin  with  that  of  thermal 
activation  in  ordinary  chemistry. 

It  will  be  obvious  that  the  same  reasoning  for  the  reverse  process  shows 
a  great  improbability  (or,  equivalently,  high  activation  energy)  for  the 
collision  of  the  first  kind: 

Hg  +  He  +  kinetic  energy  -^  Hg*  +  He 

Another  illustrative  application  shows  the  impossibility  of  quenching 
of  the  Hg*  resonance  radiation  by  transferring  the  entire  excitation 
energy  to  vibrational  energy  of  a  diatomic  molecule;  even  though  there 
may  be  one  energy  level,  corresponding  to  high  vibrational  (and  perhaps 
rotational)  excitation  of  the  latter  (Fig.  3-2)  which  nearly  coincides  with 
the  Hg*  level  (Fig.  3-1),  the  transition  would  require  sudden  changes  in 
the  momenta  of  the  two  atomic  constituents  of  the  molecule. 

A  vivid  manifestation  of  the  Franck-Condon  principle  is  found  in  the 
upper  atmosphere  of  the  earth.  Here,  molecular  oxygen  and  nitrogen 
both  absorb  ultraviolet  radiation  from  the  sun  and  are  excited  or  ionized. 
Because  most  of  the  relevant  excited  and  ionized  states  of  oxygen  have 
values  of  Ve  significantly  different  from  that  of  the  ground  state,  absorp- 
tion of  light  usually  leads  to  dissociation;  in  the  case  of  nitrogen,  how- 
ever, the  relevant  equilibrium  internuclear  separations  differ  only 
slightly  and  direct  dissociation  is  rare.  This  simple  arg\iment  immedi- 
ately explains  the  observation  that  oxygen  is  completely  dissociated 
above  an  altitude  of  about  110  km,  whereas  molecular  nitrogen  pre- 
dominates to  much  greater  heights  and  is  noted  at  altitudes  as  great  as 
1100  km. 

As  discussed  above,  the  Franck-Condon  principle  determines  the  most 
favorable  conditions  for  a  transition.  Actually,  small  quantitative  devia- 
tions do  occur:  slight  movements  of  the  heavy  constituents  are  possible 
and  for  complete  understanding  it  is  necessary  to  have  a  detailed  theoret- 
ical treatment  giving  the  probability  distribution.  This  is  a  difficult 
problem,  however,  and,  although  it  has  been  solved  for  such  cases  as  some 
radiative  transitions  of  diatomic  molecules  (Coolidge,  James,  and  Present, 
1936),  very  httle  can  be  done  with  the  more  complex  systems  to  which 
the  Franck-Condon  principle  is  just  as  applicable — and  perhaps,  at  the 
present  time,  even  more  useful  because  detailed  theory  is  impossible. 

3-2d.  Luminescence.  The  principles  governing  fluorescence  of  atomic 
vapors  apply  also  to  diatomic  molecules,  but  the  spectra  involved  must 
evidently  be  much  more  complex.  Thus  the  so-called  resonance  spec- 
trum, which,  as  in  the  atomic  case,  follows  absorption  of  monochromatic 
radiation,  consists  of  many  Unes:  even  if  a  single  vibrational  level  of  the 
upper  electronic  state  is  selected  (by  use  of  light  of  a  single  wave  length), 
there  can  occur  a  transition  to  any  of  several  vibrational  levels  of  the 
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ground  state.  Fluorescence  spectra  of  a  great  many  diatomic  gases  have 
been  studied  (Pringsheim,  1949),  but  as  no  essentially  different  basic 
ideas  are  involved  they  will  not  be  discussed  here. 

3-2e.  Dissociation.  An  example  of  optical  dissociation,  in  particular 
the  dissociation  of  a  diatomic  molecule  by  light  absorption,  has  already 
been  discussed  (Br2;  cf.  Sect.  3-2c).  Here  the  light  absorption  is  pre- 
dominantly to  the  continuous  portion  of  the  potential  curve  of  the  upper 
electronic  state  (Fig.  3-4),  and  each  excited  Br2  so  formed  dissociates  at 
once.  By  measurement  of  the  long-wave-length  limit  of  the  continuous 
absorption  (which  is  joined  by  some  band  absorption  because  a  small 
latitude  of  variation  in  r  is  permitted  by  the  Franck-Condon  principle), 
or  even  better  by  measuring  the  short-wave-length  limit  of  the  dis- 
continuous band  spectrum,  it  is  possible  to  determine  the  heat  of  dis- 
sociation of  normal  Br2;  this  is  evident  from  Fig.  3-4,  and  makes  use  of 
the  separation  of  horizontal  asymptotes  of  the  two  curves  (Br  ^Pi,^  —  ^A^ 
separation),  which  is  known  from  measurement  of  the  atomic  spectrum 
of  bromine. 

Optical  dissociation  of  diatomic  molecules  is  quite  generally  connected 
with  continuous  absorption  (and  in  some  cases  even  emission)  spectra, 
the  final  state  of  the  transition  usually  having  a  repulsive  potential  curve 
or  an  attractive  curve  of  low  stability.  The  only  exception  is  the  case  in 
which  light  absorption  ionizes  the  molecule ;  such  spectra  are  always  con- 
tinuous, but  may  not  always  lead  to  dissociation  (cf.  Sect.  4-3b). 

An  important  example  of  an  optical  dissociation  by  hght  emission  is 
provided  by  the  familiar  hydrogen  continuum,  a  widely  used  source  of 
continuous  ultraviolet  radiation.  Here  the  initial  state  of  the  radiative 
transition  is  the  ^2+  state,  which  has  a  stable  potential  curve  and  is 
formed  by  union  of  one  normal  and  one  excited  H  atom.  Molecules  in 
this  state  cannot  be  produced  directly  from  the  ground  state  by  light 
absorption  because  the  transition  is  forbidden,  but  in  an  electric  dis- 
charge they  are  formed  by  impacts  of  slow  electrons.  Once  formed,  they 
can  lose  energy,  in  the  absence  of  collisions,  only  by  radiating  to  the 
^'L'^  state,  a  purely  repulsive  state  which  leads  at  once  to  dissociation 
(Fi^g.  3-3). 

Dissociation  by  electron  impact  is  similar  in  nature  to  optical  dissocia- 
tion ;  the  molecule  is  transferred  to  an  unstable  excited  state  or  to  a  point 
on  the  potential  curve  of  a  stable  state  lying  above  the  dissociation  limit. 
In  the  collision  v/ith  a  slow  electron,  however,  the  number  of  possible 
states  which  may  be  formed  is  greater.  Thus  in  the  case  of  H2,  the 
repulsive  (^S,t)  state  may  be  formed  directly.  The  case  of  the  H2  con- 
tinuous emission  discussed  above  is  an  example  of  a  more  complex 
sequence:  electron  impact,  photon  emission,  dissociation. 

Both  optical  and  electron-impact  dissociation  are  extremely  important 
elementary  processes  in  photochemical  and  radiation-chemical  reactions. 
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3-2f.  Predissociation.  A  diatomic  molecule  in  an  excited  electronic 
state  having  a  stable  potential  curve  may,  under  certain  circumstances, 
dissociate  even  though  its  vibrational  level  lies  below  the  dissociation 
limit  of  that  state.  This  phenomenon,  in  contrast  to  direct  optical 
dissociation,  does  not  take  place  immediately  upon  transition  to  the 
excited  state,  or  more  precisely,  in  a  time  of  approximately  one  vibra- 
tional period  thereafter;  rather,  it  requires  many — 10-  or  10^  or  even 
more — such  periods.  It  is  found  to  occur  only  if  the  potential  curve  of 
the  excited  state  crosses,  in  particular  manner,  the  curve  of  another 
electronic  state,  and  is  known  as  predissociation — the  somewhat  mislead- 
ing designation  given  it  when  first  discovered. 

Examination  of  Fig.  3-3  shows  that  for  several  excited  states  of  H2  all 
vibrational  levels  of  the  excited  state  lie  higher  than  the  dissociation 
limit  of  the  ground  state.  Such  a  situation  might  raise  the  question  of 
why  the  excited  molecules  could  not  dissociate  spontaneously  by  passing 
over  to  a  vibrationally  and  rotationally  excited  level  of  the  ground 
electronic  state  which  would  have  the  same  total  energy  as  the  original 
state,  and  would  therefore  dissociate  at  once.  The  Franck-Condon 
principle  provides  the  answer:  such  a  transition  would  require  a  sudden 
and  relatively  great  change  in  interatomic  distance  and  thus  is  not 
possible. 

In  Fig.  3-6,  which  is  schematic,  the  potential  curve  of  excited  state  B 

intersects  that  of  excited  state  C.  If 
the  state  B  is  formed,  say  by  light  ab- 
sorption, but  with  vibrational  energy 
below  that  corresponding  to  the  inter- 
section point  (transition  I  in  the  figure), 
a  dissociation,  although  it  may  be  ener- 
getically possible,  is  still  forbidden  by 
the  Franck-Condon  principle.  If  the 
state  B  has  vibrational  energy  in  excess 
of  the  afore-mentioned  amount  (transi- 
tion II  in  the  figure),  however,  in  its 
vibration  it  will  continually  pass  through 
a  stage  in  which  its  interatomic  distance 
is  equal  to  that  for  the  intersection 
point.  At  this  stage  a  transition,  or 
" crossing  over"  from  state  B  to  state  C, 
is  permitted  both  by  energy  conserva- 
tion and  momentum  conservation  (Franck-Condon  principle).  It  would 
therefore  have  a  certain  definite  probability  of  occurring;  or,  in  other 
words,  an  excited  molecule  B  will  have  a  definite  Ufetime  for  predissocia- 
tion.    If  that  lifetime  is  much  smaller  than  the  time  for  all  other  processes 
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Fig.  3-6.  Potential  curves  to  illus- 
trate   one    type    of    predissociation 
(schematic). 
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which  destroy  molecules  in  state  B  (radiation,  quenching,  etc.)  most  of 
the  excited  B  molecules  will  indeed  predissociate;  if  it  is  much  greater, 
predissociation  will  be  unimportant ;  if  it  is  comparable  to  one  or  several 
others  the  various  processes  will  compete  according  to  their  relative  prob- 
abiUties.  The  type  of  predissociationre  presented  by  Fig.  3-6  is  only  one 
of  several  different  but  related  varieties  (Herzberg,  1950). 

The  necessity  that  energy  be  conserved  shows  that  radiationless  transi- 
tion at  a  crossing  of  two  potential  curves  cannot  occur  unless  the  energy 
of  the  intersection  point  Ues  above  the  dissociation  limit  for  one  of  the 
curves  (the  oscillational  energy  of  the  latter  thus  being  nonquantized). 
Indeed,  it  should  be  noted  that  although  two  potential  curves  "intersect," 
neither  of  the  two  respective  nearby  vibrational  levels  will  exactly  match 
the  intersection  point  in  energy  (except  in  the  event  of  a  highly  improb- 
able coincidence),  so  that  in  general  many  vibrational  periods  are  required, 
on  the  average,  for  the  transition  to  take  place  (cf.  Fig.  3-8  and  discussion 
on  p.  227).  The  exact  lifetime  depends  on  a  number  of  more  intimate 
features  of  the  two  electronic  states,  in  addition  to  the  disparity  in  vibra- 
tional energy. 

Predissociation  in  a  particular  electronic  state  of  some  molecule  is 
manifested  by  two  striking  features  of  the  band  spectra  arising  from 
transitions  originating  or  terminating  in  that  state.  The  first  is  a  diffuse- 
ness  in  the  component  lines  of  the  band:  each  Une  is  broadened,  often 
enough  to  obscure  the  rotational  structure  entirely,  leaving  only  the 
vibrational  structure.  This  behavior  is  just  as  anticipated  if  the  lifetime 
of  a  given  level  is  shortened  (by  predissociation)  to  a  value  which  is 
shorter  than  one  rotational  period  (whereby  the  rotational  quantization 
is  destroyed  and  replaced  by  a  continuum)  but  longer  than  a  vibrational 
period  (as  explained).  The  second  is  a  pronounced  weakening,  and  often 
a  complete  absence,  of  emission  bands  originating  in  the  predissociating 
state.  The  same  band  will  be  observable  in  absorption,  for  there  the 
level  referred  to  is  the  final  state,  and  predissociation  merely  broadens 
the  lines:  but  emission  requires  the  state  to  persevere  for  the  time,  of 
order  of  magnitude  10"*  second,  required  for  radiation,  and  predissocia- 
tion can  usually  compete  favorably  with  this  relatively  slow  process. 

From  the  chemical  point  of  view,  predissociation  is  a  delayed  dissocia- 
tion. As  such  it  is  more  susceptible  to  external  influences  such  as  col- 
hsions  (ciuenching),  and  the  dissociation  products  may  be  formed  accord- 
ing to  more  complicated  kinetic  laws.  It  plays  an  important  role  in 
many  reactions  induced  by  various  radiations. 

3-2g.  Collisions  of  the  Second  Kind.  Excited  diatomic  molecules  can 
undergo  many  varieties  of  collisions  of  the  second  kind.  On  the  whole, 
very  few  examples  of  such  collisions  have  been  studied  in  detail  or  are 
fully  understood,  a  fact  which  reflects  the  far  greater  complexity  of  the 
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reacting  system.  Only  those  excited  states  which  do  not  immediately 
dissociate  can  show  these  reactions,  of  course,  and  again  metastable  states 
are  the  most  likely  to  do  so.     Several  actual  cases  are  now  presented. 

In  the  flame  of  burning  hydrogen  (H2-O2  reaction),  excited  OH  mole- 
cules are  known  to  be  present.  One  of  their  reactions  which  has  been 
postulated  is 

OH*  +  H2 -^  O  +  H  +  H2 

This  process  is  endothermal  by  7.6  kcal  per  mole,  but  at  the  high  tem- 
perature of  the  flame  this  is  readily  provided  by  the  thermal  energies  of 
the  reactants. 

In  the  afterglow  of  excited  nitrogen,  the  following  reactions  are  con- 
sidered to  provide  some  of  the  excited  N  atoms  (the  excited  state  of  N2 
is  a  metastable  state) : 

2N?(3S+)  ^  N2  +  2N*(2Z)) 
and 

2N?('S+)  -^  N2  +  N*(2P)  +  N(4S) 

In  the  photochemical  formation  of  ozone  by  ultraviolet  irradiation  of 
O2,  the  following  is  one  of  the  elementary  processes: 

0*  +  O2  ^  0,  +  o 

[It  is  interesting  that  the  "intermediate  complex"  (cf.  Sec.  3-3a)  is  a 
transient  state  of  the  known  molecule  O4.] 

Both  the  resonance  rule  and  the  spin-conservation  rule  (Sect.  3-1  c)  are 
applicable  in  certain  cases  to  collisions  of  the  second  kind  involving 
molecules.  Some  care  must  be  exercised  in  use  of  the  resonance  rule, 
however,  in  order  that  the  Franck-Condon  principle  not  be  violated 
(Oldenberg,  1952). 

3-3.  ELEMENTARY  PROCESSES 
INVOLVING  EXCITED  POLYATOMIC  MOLECULES 

3-3a.  Potential  Surfaces.  The  total  energy  of  a  polyatomic  molecule  in 
one  of  its  quantum  states  is,  just  as  in  the  case  of  a  diatomic  molecule,  the 
sum  of  the  energies  of  the  electronic  system,  of  vibration,  of  rotation,  and 
of  translation.  The  last  of  these  can  again  be  disregarded  in  most  of  the 
considerations.  The  chief  differences  between  the  patterns  of  possible 
energies  for  a  polyatomic  and  those  for  a  diatomic  molecule  arise  from : 
first,  the  much  more  intricate  fields  which  establish  the  conditions  for 
binding  of  the  outer  atomic  electrons  in  the  molecule ;  second,  the  greatly 
multiplied  number  of  possibilities  for  vibration,  since  each  atom  or  group 
of  atoms  may  vibrate  with  respect  to  any  other;  and  third,  the  greater 
possibilities  of  mutual  interactions  between  various  vibrations,  rotations, 
and  electronic  configurations.  Thus  the  characteristics  of  the  energy 
levels  of  a  polyatomic  molecule  are  extremely  complicated. 
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With  the  exception  of  the  case  of  certain  unsaturated,  organic  mole- 
cules with  extended  systems  of  conjugated  double  bonds,  it  is  an  exag- 
geration to  consider  the  valence  electrons  as  belonging  to  the  molecule  as 
a  whole.  Various  geometrical  regions  ("radicals"  or  "groups  of  atoms") 
may  be  more  or  less  isolated  and  exhibit  properties,  such  as  vibrational 
or  even  electronic  absorption  bands,  to  a  greater  or  smaller  extent  inde- 
pendent of  the  balance  of  the  molecule.  Of  course,  there  is  always  some 
interaction  between  different  regions,  and  certain  instances  show  an 
intramolecular  flow  or  transfer  of  electronic  excitation  energy,  a  process 
which  is  conceptually  impossible  in  a  diatomic  or  even  triatomic  mole- 
cule and  which  often  has  photochemical  importance  in  very  large  mole- 
cules. Another  consequence  of  this  "weak  coupling"  between  groups 
of  atoms,  usually  mutually  remote,  is  that  in  a  given  electronic  state  a 
molecule  may  have  in  summation  a  great  deal  of  vibrational  energy,  this 
being  distributed  between  various  vibrational  degrees  of  freedom.  The 
total  vibrational  energy  can  easily  far  exceed  the  differences  in  energies 
of  various  electronic  levels,  or  (as  can  never  be  the  case  with  a  diatomic 
molecule)  the  dissociation  energy  of  a  particular  bond,  so  that  vibration- 
rotation  energy  levels  of  a  given  electronic  state  exist  far  above  the 
lowest  level  of  that  state  and  usually  overlap  the  vibration-rotation 
levels  of  higher  electronic  states. 

Emission  or  absorption  of  light  by  polyatomic  molecules  gives  rise  to 
emission  and  absorption  spectra  corresponding  to  transitions  between 
energy  levels.  As  in  the  diatomic  case,  there  are  pure  rotation  and 
vibration-rotation  bands  in  the  infrared,  and  electronic  bands,  with 
vibrational  and  rotational  structure,  in  the  visible  and  ultraviolet. 
However,  the  electronic  bands  of  polyatomic  molecules  are  usually 
diffuse  and  often  continuous.  Bands  with  sharply  defined  vibration- 
rotation  structure  are  rare:  some  simple  molecules  (e.g.,  CO2,  NO2,  SO2, 
H2CO)  have,  as  a  gas  at  low  pressure,  at  least  some  regions  of  discrete 
structure  in  their  electronic  spectra,  but  others  (e.g.,  CH4,  NH3)  have 
spectra  which  are  entirely  diffuse,  as  do  almost  all  complicated  molecules. 
This  important  fact  is  explained  in  Sect.  3-3c.  It  is  mentioned  here 
because  it  is  responsible  for  the  circumstance  that  little  detailed  informa- 
tion has  been  obtained  regarding  excited  electronic  states  of  polyatomic 
molecules  (other  than  for  certain  small  molecules,  or  molecules  containing 
ring  structure  and  conjugation,  like  benzene  and  derivatives) .  Obviously, 
the  complexity  of  the  spectra  and  the  extreme  difficulty  in  their  analysis, 
even  when  they  have  discrete  structure,  also  contribute  to  this  unfortu- 
nate situation.  On  the  other  hand,  analysis  of  the  infrared  spectra  can 
often  be  achieved  (as  has  been  the  case,  to  name  a  few  important 
examples,  with  CO2  and  H2O),  but  this  yields  information  only  on  the 
ground  electronic  states — chiefly  on  interatomic  distances  and  vibra- 
tional frequencies — and  hence  is  not  what  is  needed  for  the  understanding 


222  RADIATION    BIOLOGY 

of  chemical  processes.     A  summary  of  analyses  of  electronic  spectra  of 
polyatomic  molecules  has  been  given  by  Sponer  and  Teller  (1941). 

Again,  as  in  the  diatomic  case,  the  potential  function  represents  the 
total  energy  of  the  molecule  for  a  set  of  fixed  values  of  the  atomic  posi- 
tional coordinates,  molecular  vibration  and  rotation  being  constrained. 
However,  the  potential  surface  which  represents  this  potential  function 
geometrically  is  now  a  surface  in  {n  +  1) -dimensional  space,  where  n  is 
the  number  of  independent  coordinates  necessary  to  specify  the  relative 
positions  of  the  atoms  (3  for  a  triatomic  molecule,  6  for  a  tetratomic  mole- 
cule, etc.).  Thus  even  for  a  triatomic  molecule  the  potential  function  is 
a  surface  in  four-dimensional  space  and  cannot  readily  be  visualized  or 
represented  graphically. 

A  polyatomic  molecule  in  some  definite  vibrational  level  of  an  electronic 
state  has  a  quantum  energy  given  by  a  cut  through  the  potential  surface 
by  the  "plane"  E  =  constant.  As  the  various  degrees  of  freedom 
execute  their  vibrations,  the  point  on  the  potential  surface  which  repre- 
sents the  configuration  of  the  molecule  (henceforth  called  the  "configu- 
ration point")  will  move  down  from  a  point  on  the  E  =  constant  plane 
through  a  region  of  lower  potential  energy  and  back  toward  E  =  constant 
again.  But  this  motion  will  not  be  constrained  to  two  dimensions,  as  in 
the  diatomic  case;  rather,  it  wll  execute  an  (n  -h  1) -dimensional  space 
curve — a  sort  of  generalized  Lissajous  figure.  Thus  there  is  a  continual 
energy  exchange  between  various  vibrational  degrees  of  freedom — few,  or 
many,  depending  on  the  magnitude  of  the  total  vibrational  excitation 
energy  and  on  the  shape  of  the  potential  surface  (the  latter  reflecting  the 
extent  of  "  couphng"  of  various  vibrations,  or,  in  simpler  terms,  the  degree 
of  "isolation"  of  the  particular  vibrating  groups).  One  consequence  of 
this  behavior  is  that  any  particular  atomic  configuration  is  reattained 
infrequently  compared  to  the  corresponding  time  for  the  diatomic  case, 
namely,  one  vibration  period  or  roughly  10~^*  second.  The  time  between 
successive  repetitions  in  the  polyatomic  case  is  usually  very  much  longer 
(and  may  be  infinite  if  the  molecule  shows  dissociation,  predissociation, 
or  internal  conversion;  for  the  last-named  see  p.  226). 

It  can  be  instructive  in  the  triatomic  case  to  consider  a  three-dimen- 
sional section  of  the  four-dimensional  surface  by  supposing  one  of  the 
coordinates  to  be  fixed,  usually  by  considering  only  hnear  configurations 
of  the  molecule.  Examination  of  such  a  surface,  which  can  be  repre- 
sented graphically  either  by  contour  lines  or  in  perspective,  may  lead  to 
insight  into  the  behavior  of  the  molecule.  Such  studies  have  only  been 
initiated  in  recent  years.  An  example  of  this  type  of  potential  surface  is 
illustrated  in  Fig.  3-7.  It  represents  the  linear  HgH2  molecule;  this 
molecule  is  not  stable,  but  the  properties  of  its  potential  surfaces  for 
excited  states  determine  the  course  of  the  reaction  between  Hg*  and  Ho 
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(Laidler  and  Shuler,  1951). ^^  The  currently  available  energy  values  on 
the  basis  of  which  such  surfaces  as  that  in  Fig.  3-7  are  constructed  must 
be  deemed  of  qualitative  trustworthiness  at  best,  and,  moreover,  the 
assumption  of  linearity  should  always  be  borne  in  mind  in  their  use. 
That  this  assumption  restricts  the  conclusions  which  may  be  drawn  from 
study  of  such  a  surface  is  shown  by  the  fact  that  collisions  between  H2 
and  Hg*,  being  wholly  random  in  nature,  result  in  Hg-H-H  complexes 
with  all  possible  central  angles,  the  angle  180°  therefore  being  exceptional. 


Fig.  3-7.  Potential  surface  of  HgHo  (lowest  electronic  state;  linear  configurations; 
schematic). 

3-3b.  The  Franck-Condon  Principle.  The  Franck-Condon  principle  is 
useful  in  understanding  general  features  of  radiative  and  colhsion  proc- 
esses involving  polyatomic  molecules,  just  as  it  is  in  the  diatomic  case. 
Thus,  the  spatial  and  momentum  coordinates  of  each  of  the  atomic  con- 
stituents of  a  polyatomic  molecule  can  change  only  very  shghtly  during 
an  electronic  transition  between  quantum  states.  This  is  manifested 
in  the  emission  and  absorption  spectra,  however,  to  a  much  greater  extent 
in  the  case  of  polyatomic  molecules,  because  the  coordinates  of  many 
atoms  having  different  vibrational  frequencies  are  involved. 

An  example  is  provided  by  the  relations  between  the  absorption  and 
fluorescence  spectrum  of  a  polyatomic  molecule.  In  some  cases  the  short- 
wave-length limit  of  the  fluorescence  spectrum  is  sharp  and  approximately 

12  Such  an  unstable  intermediate,  formed  in  a  collision,  is  called  an  "activated 
complex."  The  activated  complex  for  a  collision  between  two  atoms  is  a  diatomic 
molecule,  for  which  n  =  I,  and  such  collisions  are  interpreted  on  the  basis  of  the 
potential  curves  of  the  diatomic  molecule  as  in  Sect.  3-2c.  If  even  one  collision  partner 
is  a  molecule,  the  potential  surfaces  of  the  activated  complex  are  properly  surfaces 
in  a  space  of  four  or  more  dimensions. 
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coincides  with  the  long-wave-length  limit  of  strong  absorption.  The 
intensity  distribution  of  the  fluorescence  band  extending  toward  longer 
wave  lengths  in  these  cases  mirrors  to  a  first  approximation  the  absorption 
band  which  extends  toward  shorter  wave  lengths.  This  relation  obtains 
if  the  atomic  configuration  in  the  ground  state  and  that  in  the  lowest 
excited  state  are  so  similar  that  very  fittle  energy  transfer  to  oscillational 
energy  (via  potential  energy)  is  coupled  with  the  electronic  transition. 
Many  dyestuffs  containing  ring  systems  of  conjugated  double  bonds 
belong  to  this  class  of  molecules. 

In  other  cases,  for  example  in  saturated  organic  compounds,  the  equi- 
hbrium  configuration  of  the  atoms  in  the  excited  state  is  markedly  differ- 
ent from  that  in  the  ground  state.  In  these  cases  the  oscillational  energy 
must  increase  greatly  in  an  electronic  transition.  The  relation  between 
fluorescence  and  absorption  spectrum  is  then  no  longer  as  simple  as  for  the 
other  class  of  molecules.  If,  for  instance,  excitation  is  caused  by  the 
absorption  of  light  of  the  long-wave-length  limit  of  the  first  absorption 
band,  the  atomic  constituents  gain  so  much  potential  energy  that  they 
start  to  oscillate  violently.  It  will  take  a  long  time  before  all  the  atoms 
with  different  oscillational  frequencies  find  themselves  momentarily  again 
in  the  configuration  which  the  molecule  had  at  the  moment  of  the  light 
absorption  act.  Even  if  the  molecule  is  not  subjected  to  impacts,  the 
time  needed  to  reach  this  particular  configuration  may  be  much  longer 
than  the  lifetime  of  the  excited  molecule.  Thus  the  spectral  region  of  the 
first  absorption  band  may  have  much  shorter  wave  length  than  the  region 
of  the  fluorescence  band.  Shifts  in  wave  length  by  a  factor  of  two  or  more 
are  by  no  means  rare. 

Similar  considerations  play  a  role  in  collisions  of  all  types,  whether  they 
result  in  transfer  of  energy  or  an  electron,  or  in  chemical  change. 
The  system  must  follow  continuously  the  potential  surface  of  the  molec- 
ular (activated)  complex  which  includes  both  partners  of  the  collision. 
A  transition  to  the  surface  of  a  different  electronic  state  becomes  possible 
only  if,  by  internal  motion  of  the  atoms  in  the  complex,  an  intersection 
of  the  two  surfaces  is  reached. 

3-3c.  Dissociation  and  Predissociation.  If  a  polyatomic  molecule 
absorbs  a  photon  and  undergoes  a  transition  to  an  excited  electronic  state, 
and  if  in  this  state  the  total  vibrational  energy  in  all  modes  which  the 
molecule  acquires  as  a  result  of  the  transition  (Sect.  3-3b)  exceeds  the  dis- 
sociation energy  for  any  one  vibrational  degree  of  freedom,  there  must 
always  be  a  nonzero  probability  that  the  molecule  will  dissociate.  The 
magnitude  of  this  probability  depends  on  the  time  required  to  reach  a  con- 
figuration corresponding  in  the  particular  degree  of  freedom  to  dissocia- 
tion of  a  diatomic  molecule  (location  on  a  repulsive  region,  etc.),  or,  in 
other  words,  on  the  time  required  for  a  sufficient  portion  of  the  fluctuating 
energy  to  be  concentrated  there,  and  also  on  the  required  periods  for  com- 
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petitive  processes  (predissociation,  internal  conversion,  and  of  course 
deactivation  by  radiation  or  collision).  The  greater  the  surplus  energy, 
the  shorter  will  be  the  time  reciuired  for  a  certain  amount  to  be  concen- 
trated in  any  particular  degree  of  freedom  (Franck,  Sponer,  and  Teller, 
1932),  and  therefore  the  faster  will  be  any  possible  dissociation. 

Predissociation  of  a  polyatomic  mole  ;ule  can  occur  when  the  excita- 
tion energy  of  the  state  exceeds  an  energy  at  which  the  potential  surface 
of  the  state  intersects  the  potential  surface  of  some  other  electronic 
state  in  the  region  where  the  levels  of  the  latter  are  continuous:  the  con- 
figuration point  in  its  motion  may  reach  a  point  common  to  the  two  sur- 
faces, and  then  the  transition,  with  subsequent  motion  of  the  configura- 
tion point  on  the  second  surface,  will  always  be  possible  (the  probability 
depending  on  various  intricacies  of  the  two  surfaces  such  as  spin,  sym- 
metry, etc.).  Intersections  of  (n  -\-  l)-dimensional  potential  surfaces  for 
excited  states  occur  much  more  commonly  than  do  intersections  of  the 
two-dimensional  curves  of  diatomic  molecules.  Predissociation  in  a  poly- 
atomic molecule  will  therefore  be  much  more  common,  but  also  much 
slower,  than  in  a  diatomic  molecule;  it  differs  from  direct  dissociation 
only  in  the  respect  that  the  moving  configuration  point  must  change  from 
one  potential  surface  to  another.  This  change,  which  is  a  radiationless 
electronic  transition,  will  be  much  more  probable  (once  the  proper  con- 
figuration has  been  attained)  than  in  the  diatomic  case,  for  the  intersec- 
tion of  two  potential  surfaces  is  an  (n  +  l)-dimensional  space  curve,  so 
that  the  quantum  energy  of  the  initial  vibrational  level  will  always 
"match "  some  energy  of  the  intersection  curve.  (On  the  other  hand,  the 
transition  from  discrete  to  diffuse  structure,  as  hv  increases  within  a  given 
band  above  the  lowest  energy  at  which  the  surfaces  intersect,  will  be  more 
gradual,  because  of  the  randomness  of  the  motion  of  the  configuration 
point.)  Thus  both  direct  dissociation  and  predissociation  are  much  more 
probable  for  polyatomic  than  diatomic  molecules,  although  for  both  proc- 
esses the  time  between  the  light  absorption  act  and  the  actual  dissociation 
is  much  longer  for  polyatomic  than  for  diatomic  molecules.  The  former 
fact  contributes  to  the  preponderance  of  diffuse  over  discrete  structure  in 
the  electronic  spectra  of  polyatomic  molecules.  The  latter  is  borne  out 
(indirectly)  by  a  variety  of  experiments  on  fluorescence  yields,  and  may  be 
connected  in  some  cases  to  the  observation  that  dissociation  of  metastable 
polyatomic  ions  can  be  observed  in  a  mass  spectrograph,  whereas  it  has 
never  been  found  (i.e.,  is  too  fast)  for  a  diatomic  molecular  ion. 

The  great  likelihood  of  dissociation  processes  follomng  absorption  of 
visible  light  or  ultraviolet  radiation  by  polyatomic  molecules  in  the  gas- 
eous state  is  extremely  important  for  their  photochemistry.  Thus  expo- 
sure of  NHs  to  ultraviolet  radiation  (for  which  the  spectrum  is 
entirely  diffuse)  always  decomposes  the  molecule,  even  at  extremely  low 
pressure. 
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3-3d.  Internal  Conversion. ^^  It  has  been  shown  that  the  potential  sur- 
face of  a  given  excited  electronic  state  will  usually  intersect  the  surfaces 
of  a  number  of  other  electronic  states.  Predissociation  occurs  when  a 
molecule,  after  absorbing  a  photon  and  undergoing  a  transition  from  the 
ground  state  (A)  to  some  vibrational  level  of  some  excited  electronic  state 
{B),  subsequently  undergoes  a  radiationless  transition  to  another  excited 
electronic  state  (C)  in  a  region  where  the  vibrational  excitation  energy  of 
C  exceeds  its  dissociation  energy  (and  its  vibrational  "levels"  are  there- 
fore continuous).  It  may  also  happen,  however,  that  the  potential  sur- 
face of  B  intersects  the  surface  of  a  state  D  in  a  region  where  the  vibra- 
tional excitation  energy  of  D  is  smaller  than  its  dissociation  energy.  In 
this  case  a  radiationless  transition  may  occur,  but  dissociation  of  the  mol- 
ecule will  not  result.  Since  the  electronic  excitation  energy  of  D  will 
ordinarily  lie  below  that  of  B,  there  has  occurred  a  conversion  of  part  of 
the  electronic  excitation  energy  of  a  molecule  into  vibrational  energy  by 

a  purely  internal  process.  If  the  state 
D  happens  to  be  the  same  as  ground 
state  A,  all  the  electronic  excitation 
energy  will  be  so  converted.  The 
probability  that  such  a  transition  will 
reverse  itself  is  very  small,  for  the  vibra- 
tional energy,  initially  concentrated  in 
a  few  degrees  of  freedom,  will  swiftly  be 
dissipated  to  many  of  the  degrees  of 
freedom  of  the  molecule,  and  to  those 
of  other  molecules  in  subsequent  im- 
pacts. Thus  the  process  of  internal 
conversion  is,  from  the  physical  point 
of  view,  a  facile  mode  of  direct  trans- 
formation of  electronic  energy  into 
heat.  From  the  chemical  point  of 
view,  internal  conversion  is  a  process 
whereby  activation  is  followed  uni- 
deactivation    rather    than    by   decomposition    (as   in 
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molecularly    by 
predissociation). 

The  conversion  of  electronic  energy  into  heat  (motion  of  atoms)  is  a 
process  which  in  a  system  composed  of  isolated  atoms  is  exceedingly 
slow  (cf.  Sect.  3-2c).  In  a  diatomic  molecule  the  process  is  again  of  so 
small  probability  as  to  be  of  no  consequence.  This  may  be  concluded 
from  a  simple  schematic  example  (Fig.  3-8).     A  radiationless  transition 

13  Internal  conversion  in  polyatomic  molecules  has  no  connection  with  internal 
conversion  in  excited  nuclei,  although  there  is  an  important  formal  relationship  m 
that  in  both  cases  a  radiationless  transition  occurs  between  a  discrete  excited  state  of  a 
system  and  that  state  of  equal  energy  in  a  continuum  of  states  of  completely  different 
physical  nature. 
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between  states  B  and  A  must  occur  at  the  crossing  point  of  the  potential 
curves  of  the  two  states.  However,  although  the  potential  curves  inter- 
sect, the  energy  of  the  intersection  point  will  match  (barring  unlikely 
coincidences)  neither  a  possible  vibrational  level  of  state  B  nor  one  of 
state  A.  Since  the  transition  must  be  one  between  states  of  exactly  equal 
energy,  it  is  forbidden.  (If  one  curve  should  be  repulsive,  as  in  the  case 
of  predissociation,  the  matching  is  always  possible,  although  perhaps  not 
exactly  at  the  intersection  point;  the  transition  is  then  one  between  states 
of  equal  energy  but  slightly  different  interatomic  distance,  and  is  possible 
subject  to  quantitative  modification  by  the  Franck-Condon  principle.) 

The  process  of  internal  conversion  is  one  of  great  importance  in  the 
photochemistry  and  radiation  chemistry  of  polyatomic  molecules.  Its 
existence  was  first  postulated  by  Norrish  et  at.  (1934)  and  its  theoretical 
basis  established  by  Teller  (1937).  A  number  of  applications  have  since 
been  recognized  (Franck  and  Livingston,  1941 ;  Franck  and  Sponer,  1948). 

Internal  conversion  has  many  features  in  common  with  predissociation. 
They  both  may  have  a  similar  influence  on  an  absorption  spectrum  and 
diminish  the  intensity  of  fluorescence  to  the  same  extent.  This  is  because 
both  processes  involve  radiationless  transitions  at  intersections  of  two 
potential  surfaces.  It  is  possible  nevertheless,  to  establish  criteria,  based 
on  spectroscopic,  thermodynamic,  and  photochemical  information,  which 
can  distinguish  between  them  in  actual  cases  (Franck  and  Sponer,  1948). 
It  is  important  to  bear  in  mind  that  the  chemical  consequences  of  the  two 
processes  are  usually  completely  different.  Predissociation  results  in 
free  atoms  or  radicals,  internal  conversion  in  a  violently  vibrating  mol- 
ecule which  can  be  crudely  termed  a  "hot"  molecule.  Thus  reactions 
following  internal  conversion  are  in  a  sense  a  special  variety  of  thermal 
reaction. 

If  several  possibiUties  are  available,  internal  conversion  seems  to  occur 
preferentially  so  as  to  transform  a  minimum  of  electronic  into  vibrational 
energy :  that  electronic  state  which  is  the  highest  one  (below  the  original 
state)  is  favored.  A  common  example  occurs  when  Ught  absorption 
brings  a  molecule  to  the  first  excited  singlet  state,  and  internal  conversion 
then  brings  it  to  the  triplet  state  lying  slightly  below;  the  latter  state  is 
metastable  and  can  often  be  detected  by  observations  of  phosphorescence 
(Kasha,  1950). 

Occasionally,  internal  conversion,  following  a  light  absorption  process 
which  raises  the  molecule  from  the  ground  state  to  the  lowest,  or  one  of 
the  lowest,  excited  electronic  states,  brings  the  molecule  back  to  the 
ground  electronic  state.  It  is  quite  possible,  however,  that  the  final 
state  (D)  is  formally  an  excited  state  of  A  which  corresponds  in  actuality 
to  such  a  different  equilibrium  configuration  of  the  atom  that  it  has, 
when  vibrationally  de-excited,  more  or  less  stability.  Thus  the  product 
of  internal  conversion  may  be  a  tautomer  of  the  original  molecule,  or 
even  a  "stable"  isomer  (Franck  and  Livingston,  1941).     Some  cases  of 
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photochemical  cis-trans  isomerization  about  a  carbon  double  bond  appear 
to  proceed  in  this  manner.  Another  possibility  is  the  decomposition  of  a 
molecule  through  an  internal  conversion  process  into  two  fragments 
involving  substantial  reorganization  of  its  component  parts.  This  could 
not  be  accomplished  by  a  simple  predissociation,  which  merely  splits  a 
molecule  into  two  (swiftly  moving)  fragments.  An  example  of  this 
appears  to  be  the  monomolecular  component  of  the  photolysis  of  aliphatic 
aldehydes,  a  hydrocarbon  and  CO2,  or  a  ketone  and  H2  being  produced. 

Because  predissociation  and  internal  conversion  are  such  very  probable 
consequences  of  electronic  excitation  of  large  molecules,  they  must  play 
an  important  role  in  biological  reactions  caused  by  visible  light,  or  by 
ultraviolet  or  high-energy  radiation.  The  shortness  of  the  time  usually 
required  for  these  processes  is  borne  out  by  the  fact  that  relatively  few 
polyatomic  molecules  exhibit  fluorescence. 

3-3e.  Collisions  of  the  Second  Kind.  Collisions  of  the  second  kind 
following  excitation  of  polyatomic  molecules  have  not  often  been 
observed.  The  simpler  molecules  of  this  class  have  been  studied  chiefly 
in  the  gaseous  state,  and  usually  have  a  higher  probability  of  losing  their 
excitation  energy  by  dissociation  or  by  internal  conversion  than  by  any 
kind  of  impact  of  the  second  kind.  For  instance,  no  case  of  sensitized 
fluorescence  (type  III)  in  the  gaseous  phase  seems  to  have  been  con- 
clusively established,  although  some  have  been  postulated;  for  example, 
the  reaction 

C0|  +  O2  ->  CO2  +  O.* 

has  been  considered  in  attempts  to  explain  the  radiation  by  excited 
oxygen  in  a  CO  flame.  For  the  same  reactants,  the  occurrence  of  sensi- 
tized dissociation  (type  VI), 

CO2*  +  O2  ->  CO2  +  0  +  0 

has  also  been  suggested.  However,  since  sensitized  fluorescence  is  easily 
observable  with  suitable  dyestuff  molecules  in  solution,  doubtless  the 
phenomenon  could  be  found  in  this  group  of  complex  molecules  in  the 
vapor  phase  too.  Certain  dyes  have  vapor  pressures  high  enough,  at 
temperatures  at  which  thermal  disintegration  is  still  absent,  for  such  ex- 
periments to  be  feasible.  High  probability  in  favorable  cases  should  be 
shown  by  exchange  reactions,  and  especially  by  association  reactions,  for 
in  the  latter  a  reaction  of  the  type 

A*  -\-  B-^  AB 

which  cannot  occur  without  triple  collisions  if  both  .4  and  B  are  atomic, 
may  have  high  probability  if  one  or  both  is  polyatomic:  the  recombina- 
tion energy  may  then  be  quickly  dissipated  to  the  many  oscillational 
degrees  of  freedom  and  so  rendered  unable  to  dissociate  the  newly  formed 
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molecule  before  being  removed  in  subsequent  impacts.  (The  same  argu- 
ment applies,  of  course,  to  normal  association  reactions,  for  which  neither 
reactant  is  excited.)  Other  possible  processes,  of  which  a  few  cases  have 
been  observed,  are  induced  predissociation  and  induced  internal  conver- 
sion. An  example  of  the  latter  is  the  photochemical  isomerization  of 
1-butene  to  2-butene,  which  occurs  following  electronic  excitation  of 
1-butene  only  during  a  collision  of  the  excited  molecule  wdth  a  normal  one. 
In  general,  if  an  excited  molecule  is  brought  by  internal  conversion  to  a 
metastable  state,  the  remaining  excitation  energy  will  be  available  for  a 
longer  time,  and  the  chance  for  a  collision  of  the  second  kind  becomes 
proportionately  greater. 

It  is  usually  very  difficult  to  analyze  reactions  involving  excited  poly- 
atomic molecules,  because  of  the  complexities  of  the  associated  spectra 
and  the  intricacies  of  the  various  processes  involved.  However,  much  is 
known,  relatively,  of  the  behavior  of  certain  special  classes  of  unsaturated 
organic  substances  with  conjugated  double  bonds  (Sect.  3-4). 

3-4.  ELEMENTARY  PROCESSES  IN  CONDENSED  SYSTEMS 

3-4a.  Liquids  and  Liquid  Solutions:  Weak  Interaction  with  the  Medium. 
The  characteristics  of  excitation,  ionization  (see  Sect.  4-4),  and  ele- 
mentary chemical  processes  in  liquid  solutions,  and  particularly  in 
aqueous  solutions,  comprise  one  of  the  most  important  topics  upon  which 
a  fundamental  understanding  of  radiobiological  phenomena  must  ulti- 
mately be  based. 

In  this  and  the  following  subsection,  solutions  are  classified  according 
to  whether  the  solute  exhibits  optical  properties  which  can  be  inter- 
preted as  modifications  of  the  corresponding  properties  in  the  gaseous 
state,  or  whether  these  properties  are  more  properly  considered  to  be 
characteristic  of  the  solute-solvent  system  and  without  gaseous  analogue. 

Examples  of  "weak  interaction"  in  this  sense  are  rare  earth  ions, 
mercury  atoms,  or  dyestuffs  dissolved  in  water;  halogen  molecules  dis- 
solved in  organic  solvents;  and  aromatic  hydrocarbons  dissolved  in  one 
another.  In  the  brief  space  allotted  here  it  will  be  possible  only  to  outfine 
broadly  the  optical  and  photochemical  phenomena  of  fiquids  and  liquid 
solutions. 

Absorption  spectra  of  dissolved  substances  are  comparatively  easy  to 
measure,  and  there  exists  a  great  wealth  of  recorded  data  on  absorption 
spectra  of  solutions  (cf.,  for  example,  Landolt-Bornstein,  1951).  Inter- 
pretation of  these  data  is  another  ciuestion,  and  relatively  few  of  them 
are  understood  in  detail,  in  the  same  sense  that  spectra  of  gases  are 
understood. 

Most  absorption  spectra  of  liciuids  are  continuous,  and  almost  all  of  the 
remainder  exhibit  only  a  diffuse  band  structure,  the  rotational  structure 
being  missing.     This  is  a  consequence  of  "Stark  broadening"   of  the 


230  RADIATION    BIOLOGY 

spectral  lines  (effect  on  the  transition  of  the  electric  field  engendered  by 
the  environment),  of  "pressure  broadening"  (an  enhanced  case  of  the 
broadening  of  spectral  lines  of  gases  at  high  pressure  arising  from  the  fact 
that  an  appreciable  fraction  of  transitions  occurs  while  the  atom  or 
molecule  is  more  or  less  closely  associated  with  another  during  an  impact) , 
and  finally  of  the  fact  that  the  solvent  always  participates  to  the  extent  of 
being  coupled  to  the  solute  in  vibrational  modes.  (In  a  sense,  all  solutes 
are  polyatomic  molecules.)  The  difference  between  a  particular  absorp- 
tion spectrum  for  the  gaseous  and  dissolved  states  derives  from  the  effect 
of  the  solvent  on  the  electronic  transition  or  transitions  involved.  Quali- 
tatively, the  more  "exposed"  a  transition  is  (in  the  orbital  picture,  the 
larger  the  electron  orbit  of  the  excited  state),  the  greater  the  modification. 
And  the  stronger  the  interaction  of  the  solvent  and  a  solute  atom  or 
molecule,  the  greater  is  the  modification.  Furthermore,  a  strong  inter- 
action often  destroys  the  ability  of  a  solute  to  fluoresce.  Optical  transi- 
tions of  rare  earth  atomic  ions  dissolved  in  water  involve  internal  electron 
orbits  which  are  only  slightly  influenced  by  the  solvent ;  thus  the  lines  are 
often  very  sharp  and  fluorescence  is  strong.  Optical  properties  of  a  great 
many  dye  molecules  have  been  studied  in  detail  (cf.  the  book  of  Forster, 
1951;  Pringsheim,  19-49;  and,  for  an  important  example  of  a  group  of 
molecules  which  has  been  studied  with  particularly  great  thoroughness — 
namely,  the  photosynthetic  pigments — Rabinowitch,  1951).  Because 
the  electronic  transitions  are  rather  well  protected,  often  because  they 
involve  conjugated  double-bond  systems,  the  absorption  spectrum  of  a 
given  dye  is  usually  very  much  the  same  in  different  solvents,  and  fluor- 
escence is  a  common  phenomenon.  Somewhat  greater  interaction  is 
shown  by  measurements  of  the  2537  A  resonance  hne  of  Hg,  which  can  be 
observed  as  absorption  by  mercury  dissolved  in  a  number  of  solvents, 
despite  the  very  low  solubility.  The  line  is  broadened  into  two  continu- 
ous bands,  the  broadening  depending  on  the  interaction  of  an  Hg  atom 
with  molecules  of  the  solvent  and  increasing  with  the  polarity  of  the 
latter.  Thus  the  broadening  increases  for  the  series  of  solvents :  hexane, 
methyl  alcohol,  water. 

When  understood  in  detail,  the  absorption  spectra  can  furnish  invalu- 
able information  on  the  physical  nature  of  a  solution. 

It  should  be  emphasized  that,  even  if  a  particular  solute  has  electronic 
transitions  which  are  only  slightly  modified  by  the  presence  of  a  solvent, 
there  must  always  be  "higher"  transitions,  following  greater  energy 
transfer,  which  bring  the  electron  to  an  "unprotected"  state  that  is 
strongly  affected  by  the  environment. 

If  an  atom  or  molecule  of  a  solute  or  solvent  (or  of  a  pure  liquid)  is 
excited,  the  usual  result  is  deactivation  without  luminescence  or  dissocia- 
tion, the  excitation  energy  being  dissipated  to  heat.  This  can  be  viewed 
as  arising  from  internal  conversion  in  a  polyatomic  pseudo-molecule  con- 
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sisting  of  the  excited  molecule  itself  together  with  a  portion  of  the  solvent 
adjacent  to  it.  Such  internal  conversion  takes  place  very  soon  after 
excitation  in  almost  all  cases.  Luminescence  occurs  (as  in  the  cases 
mentioned)  only  for  unusual  instances  in  which  the  "portion"  of  the 
molecule  or  atom  that  is  excited  is  virtually  uncoupled  with  the  liquid 
environment.  If  a  molecule  in  solution  gains,  directly  or  indirectly, 
oscillational  energy  by  light  absorption  which  surpasses  by  much  the 
average  thermal  energy,  it  will  always  lose  a  considerable  part  of  it  to 
the  surrounding  molecules  of  the  solvent  with  which  it  is  permanently  in  a 
state  of  collision.  Therefore,  the  energy  utilization  of  light  for  photo- 
chemical processes  in  condensed  systems  will  never  be  perfect.  A  surplus 
of  energy  over  the  amount  actually  stored  as  chemical  energy  must  be 
available  to  compensate  for  the  losses  which  must  necessarily  occur  by 
heat  dissipation.  Thus,  for  a  simple  dissociation  process  having  dissocia- 
tion energy  D,  hv  must  be  considerably  greater  than  D  to  achieve  dissocia- 
tion. Furthermore,  even  if  this  condition  is  fulfilled  and  two  radicals 
are  formed,  the  quantum  yield  of  this  process  will  be  diminished  by 
primary  recombination  of  the  radicals  because  the  solvent  surrounding 
the  dissociated  solute  acts  as  a  "cage";  dissociated  fragments  collide 
many  times  under  conditions  where  their  recombination  energy  can  be 
removed  by  transformation  to  oscillational  energy  of  adjacent  molecules, 
and  will  often  recombine.  There  is  abundant  experimental  evidence  to 
support  the  conclusion  that,  in  many  cases,  excitation  is  followed  by 
permanent  photochemical  change  in  only  a  fraction  of  the  events.  Of 
course,  this  conclusion  applies  to  the  result  of  excitation  whether  the 
latter  be  effected  optically  or  by  penetration  of  high-energy  radiation. 
If  the  primary  radicals  do  escape  from  the  cage,  they  will  diffuse  into  the 
solution  and  their  ensuing  reactions  with  one  another  and  various  solutes 
will .  in  aggregate  produce  the  final  chemical  change.  The  diffusion 
processes,  as  well  as  the  elementary  chemical  reactions  between  radicals 
and  normal  molecules,  will  obviously  be  influenced  to  a  greater  or  lesser 
extent  by  the  solvent  environment.  Exceptions  to  the  prediction  of 
small  primary  photochemical  yield  resulting  from  the  cage  effect  occur 
where  one  of  the  radicals  can  react  immediately  with  the  solvent,  in 
which  case  the  yield  approaches  unity,  or  where  the  radicals  are  formed 
with  especially  high  kinetic  energy  sufficiently  great  to  enable  them  to 
escape  from  the  cage. 

With  substances  that  are  fluorescent  in  solutions,  such  as  many  dye- 
stuffs,  internal  conversion  of  the  excitation  energy  must  be  very  slow. 
The  excitation  energy  is,  therefore,  photochemically  available  for  a  period 
of  the  order  of  magnitude  of  10"^  second.  Experiments  on  the  "phys- 
ical" quenching  of  this  fluorescence  supply  information  on  the  types  and 
numbers  of  collisions  which  transform  the  excitation  energy  into  heat, 
and  experiments  on  sensitized  photochemical  reactions  provide  informa- 
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tion  on  the  collisions  which  transform  it  into  chemical  energy  (Pringsheim, 
19-49).  The  excitation  energy  can  also  be  transferred  from  one  molecule 
to  another  by  collisions  of  the  second  kind  between  two  molecules,  or  even 
over  such  great  distances  that  the  term  coUision  does  not  properly  apply 
(Sect.  3-4d). 

3-4b.  Liquids  and  Liquid  Solutions:  Strong  Interaction  with  the  Medium. 
In  cases  such  as  ions  in  aqueous  solution,  electronic  excitation  can  be 
understood  only  by  considering  the  absorbing  system  to  be  the  ion 
together  with  its  immediate  solvent  environment.  Thus,  even  for 
"monatomic"  ions,  for  example  the  colored  ions  such  as  those  of  Fe,  Cu, 
Cr,  Mn,  Co,  Ni,  and  ions  which  absorb  in  the  ultraviolet  such  as  the 
halide  ions,  the  absorbing  system  is  a  "polyatomic  molecule"  and  the 
spectra  are  continuous.  Solutes  that  possess  "weak  interaction"  spectra 
must  always  have  "strong  interaction"  portions  of  the  spectrum  further 
to  the  ultraviolet;  thus,  the  color  of  the  permanganate  ion  arises  from  an 
internal  transition  which  is  not  much  influenced  by  the  environment  (the 
visible  spectrum  is  approximately  the  same  in  crystal  and  dissolved 
phases),  but  further  to  the  ultraviolet  the  permanganate  ion  exhibits 
absorption  for  which  the  neighboring  solvent  layer  plays  an  essential  role. 

Many  electronic  transitions  of  the  "strong  interaction"  type  can  be 
understood  in  an  approximate  manner  as  electron  transfer  processes  in 
which  an  electron  is  removed  from  the  solute  ion  or  molecule  and  trans- 
ferred to  a  final  state  in  which  it  is  bound  to  a  different  unit  in  the 
environment;  for  example,  in  the  case  of  the  halide  ions  and  probably 
most  other  negative  ions  and  many  positive  ions  in  aqueous  solutions,  it  is 
bound  to  the  solvent  layers  about  the  absorbing  entity  (Rabinowitch, 
1942;  Platzman  and  Franck,  1952).  It  is  usually  the  case  then  that 
fluorescence  does  not  occur;  internal  conversion  of  the  excitation  energy 
to  atomic  vibrations  is  very  cpick;  and  photochemical  utilization  of  the 
energv,  if  it  is  possible  at  all,  must  result  from  reaction  of  the  excited 
system  with  the  solvent  (for  example,  by  dissociation  of  the  solute- 
solvent  "polyatomic  molecule")  or  from  colUsion  with  a  solute  molecule 
within  a  very  short  time  after  excitation. 

3-4c.  Solids.  Solids  may  be  classified  according  to  structural  character 
(single  crystals,  polycrystalUne  solids,  glasses,  etc.)  or  according  to  elec- 
tronic character  (metals,  semiconductors,  insulators,  etc.).  Modern 
physics  has  made  possible,  to  a  great  extent,  a  detailed  understanding  of 
their  structural,  optical  and  electronic  properties,  but  space  does  not 
permit  discussion  of  these  matters  here.  On  the  other  hand,  compara- 
tively little  investigation  has  been  made  of  photochemical  or  radiation- 
chemical  reactions  in  solids.  Their  inclusion  in  the  content  of  this 
article  is  not,  however,  a  mere  formahty.  It  is  probable  that  many  of  the 
essential  organizational  properties  of  biological  systems  derive  from  the 
same  principles  as  do  the  striking  organizational  properties  of  crystals  and 
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other  solids,  although  the  connections  are  as  yet  imperfectly  appreciated. 
There  is  no  possibility,  in  the  present  chapter,  of  dealing  with  this 
aspect  of  biological  systems,  but  it  will  be  touched  upon  in  the  follow- 
ing subsection.  In  Sect.  5,  where  biological  processes  are  treated,  a 
biological  system  will  be  considered  simply  as  a  "large  polyatomic 
molecule." 

3-4d.  I  Titer  molecular  Transfer  and  Migration  of  Excitation  Energy. ^'^  In 
Sect.  3-lc,  an  example  of  transfer  of  excitation  energy  from  one  atom  to 
another,  namely,  the  process  of  sensitized  fluorescence,  was  discussed. 
There  is  no  doubt  that  the  same  process  must  occur  with  diatomic  or 
polyatomic  molecules  in  the  gaseous  phase,  although  no  case  has  been 
demonstrated  thus  far.  In  the  case  of  polyatomic  molecules  in  liquid  or 
solid  solution,  however,  sensitized  fluorescence  as  well  as  other  kinds  of 
migration  of  excitation  energy  have  been  observed.  Such  processes  are 
important  for  an  understanding  of  certain  actions  of  light  or  of  high- 
energy  radiation  on  biological  systems.  The  occurrence  of  sensitized 
fluorescence  has  been  especially  carefully  studied  in  the  case  of  complex 
dyestuffs  (cf.,  for  example,  Forster,  1951  and  Pringsheim,  1949).  In  a 
solution  containing  two  or  more  of  them,  dyestulT  A  may  absorb  light  and 
B  (or  subsequently  C  or  D)  may  emit  most  of  the  fluorescence  light.  A 
necessary  condition  for  the  occurrence  of  this  effect  is  that  the  fluorescence 
emission  spectrum  of  A  overlap  the  absorption  spectrum  of  B  (and  in  turn 
the  same  for  transfer  between  C  and  D,  etc.).  If  the  overlapping  is 
strong,  the  energy  transfer  between  the  molecules  may  occur  over  dis- 
tances of  20  A  or  more  in  single  acts.  Clearly,  such  an  energy  transfer 
cannot  be  understood  in  terms  of  simple  "collisions"  between  B  and  A* 
(cf.  Franck  and  Livingston,  1949).  An  important  example  of  this  process 
is  provided  by  the  luminescence  of  certain  dilute  solutions  of  one  aromatic 
hydrocarbon  in  another.  For  instance,  energy  incident  on  a  dilute  solu- 
tion of  terphenyl  in  liquid  toluene,  either  as  light  or  as  high-energy  radia- 
tion, is  absorbed  for  the  most  part  by  the  solvent  but  emitted  by  the 
solute  with  high  yield.  (The  system  cited  is  an  important  liquid  scintilla- 
tion counter.) 

Energy  migration  observed  in  certain  condensed  systems,  especially  in 
crystals,  may  be  caused  by  a  different  process  called  exciton  migration,  or 
by  still  another  one  called  electron  migration.  In  the  former  an  exceed- 
ingly quick  transfer  of  energy  between  the  electronic  systems  of  identical 
molecules  occurs.  If  these  are  arrayed  in  contact  with  each  other  and 
in  a  regular  fashion,  as  in  an  ideal  crystal,  their  electronic  systems  are  in 
perfect  resonance  and  the  excitation  energy  may  migrate  far  before  being 
emitted  as  light  or  used  for  photochemical  purposes,  or  dissipated  into 
heat.     However,   crystal  lattice  vibrations  will  interfere  with  exciton 

1*  Cf.  Franck  and  Livingston  (1949). 
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migration  by  disturbing  the  resonance.  Thus  the  effect  is  observed  with 
certainty  chiefly  in  "hard"  crystals  for  which  hv^ib  of  the  lattice  atoms  is 
relatively  great  and,  even  at  room  temperatures,  the  lattice  vibrations  are 
therefore  rare.  In  organic  crystals  or  in  ordered  arrays  of  organic 
molecules  exciton  movement  is  of  relatively  minor  occurrence. 

Electrons  which  by  Hght  absorption  (or  energy  transfer  from  high- 
energy  radiation)  are  thrown  into  so-called  conductivity  bands  of  a 
crystalline  insulator  can  also  migrate  over  distances  which  again  are  the 
greater  the  more  perfect  the  lattice  is  and  the  less  it  vibrates.  This 
process  is  responsible  for  the  so-called  internal  photoelectric  effect  and 
for  photoconductivity  of  irradiated  crystals.  The  migrating  electron 
will  either  recombine  quickly  with  the  atomic  group  or  ion  from  which  it 
was  removed,  or  it  will  be  trapped  in  the  lattice  for  a  certain  period.  If  it 
is  released  somewhat  later  from  the  trap  by  a  thermal  fluctuation,  it  again 
has  a  chance  to  recombine,  and  if  this  process  of  recombination  (directly 
or  by  "sensitized  fluorescence")  results  in  light  emission,  the  emission 
will  be  observed  at  a  more  or  less  long  time  after  the  irradiation  (crystal 
phosphorescence).  Electron  migration  can  also,  of  course,  bring  about 
chemical  reaction  at  a  site  distant  from  that  at  which  the  electron  was 
originally  liberated.  Whether  electron  migration  in  arrays  of  organic 
molecules  may  be  of  biological  importance  cannot  yet  be  ascertained. 
No  case  has  been  observed  thus  far  which  can  with  certainty  be  ascribed 
to  this  process. 

In  this  discussion,  the  problem  of  energy  migration  in  a  system  of 
conjugated  double  bonds  has  been  omitted.  However,  there  is  no  reason 
not  to  regard  such  a  system,  if  it  be  long  enough,  as  in  a  sense  a  micro- 
scopic metal,  and  the  existence  of  a  pseudometallic  conductivity  band 
makes  it  understandable  that  certain  of  the  electrons  in  such  molecules 
belong  to  the  molecule  as  a  whole. 

4.  REACTIONS  FOLLOWING  IONIZATION 

4-1.  THE  IONIZATION  PROCESS,  AND  THE  ROLE  OF  IONIZATION 
IN  PHOTOCHEMICAL  REACTIONS 

Ionization  of  an  atom  is  the  consequence  of  absorption  of  a  photon 
having  energy  hv  greater  than  the  ionization  potential  of  the  atom.  The 
region  of  the  absorption  spectrum  in  which  this  process  occurs  starts  at 
the  edge  of  convergence  of  the  discrete  absorption  spectrum  (Fig.  3-1),  and 
is  one  of  continuous  absorption.  An  atom  will  also  be  ionized  in  a  col- 
Hsion  with  a  moving  charged  particle  such  as  an  electron  or  an  a  particle 
(or  even  in  a  collision  with  a  neutral  atom  or  molecule,  although  energy 
transfer  in  such  a  collision  is  comparatively  improbable)  if  the  energy 
transferred  to  it  exceeds  the  ionization  potential.  Both  optical  and 
impact  ionization  are  entirely  analogous  to  the  corresponding  electronic- 
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excitation  processes.  The  ionization  potentials  of  atoms  vary  from 
3.9  ev  for  Cs  to  24.6  ev  for  He. 

Ionization  of  a  molecule  results  from  absorption  of  a  photon  or  from 
an  impact  with  a  charged  particle  if  the  energy  transferred  is  sufficiently 
great.  If  this  minimum  necessary  energy  be  again  defined  as  the  ioniza- 
tion potential,  note  should  be  taken  that  it  will  usually  be  greater  than  the 
difference  in  energy  between  the  ground  electronic  states  of  molecule  and 
molecular  ion.  The  excess  energy  is  just  that  which  must  be  transferred 
(either  in  light  absorption  or  in  impact)  to  potential  energy  of  the  atomic 
constituents  of  the  molecule  and  therefore  to  oscillational  energy  of  the 
final  state,  because  the  ionization  occurs  so  quickly  that  the  interatomic 
distance(s)  remains  the  same  (Franck-Condon  principle;  cf.  Fig.  3-4  and 
the  text  pertaining  thereto,  which  explains  the  entirely  analogous  case  of 
electronic  excitation).  This  oscillational  energy  may  indeed  be  so  great 
that  dissociation  of  the  molecule  will  ensue  (Sect.  4-3b).  The  ionization 
potentials  of  most  stable  molecules  lie  between  about  10  and  16  ev. 

Ionization  of  an  atom  or  molecule  may  also  result  from  a  collision  of 
the  second  kind  between  an  excited  atom  or  molecule  and  a  neutral  one 
(type  V;  cf.  p.  207).  Such  reactions  are  often  very  probable,  because 
exact  resonance  is  fulfilled  if  the  process  is  energetically  possible  (cf. 
Sect.  3-lc) ;  they  play  a  role,  for  example,  in  certain  electrical  discharges, 
and  possibly  also  in  some  radiation-chemical  reactions  in  gases,  especially 
those  in  which  metastable  atoms  or  molecules  are  formed. 

An  atom  or  molecule  may,  under  special  circumstances,  absorb  a  quan- 
tity of  energy  in  excess  of  the  minimum  ionization  potential  without  being 
immediately  ionized,  for  the  absorbed  energy  may  excite  a  tightly  bound 
electron  instead  of  ionizing  a  more  weakly  bound  one.  If  this  occurs,  and 
the  system  does  not  lose  energy  by  radiation  or  in  impact,  ionization 
(with  ejection  of  an  electron)  must  inevitably  follow;  such  a  process  is 
called  preionization.  For  an  atom,  preionization  occurs  very  quickly, 
ordinarily  in  roughly  10~^^  second  after  excitation.  For  molecules,  par- 
ticularly polyatomic  molecules,  it  may  take  a  longer  time — and,  indeed, 
may  not  occur  at  all  if  internal  conversion  transforms  the  excitation 
energy  to  oscillational  energy  and  the  latter  is  removed  in  much  later 
impacts.  Preionization  in  a  very  large  polyatomic  molecule  often 
requires  a  comparatively  long  time;  in  such  cases  it  may  be  possible  to 
consider  the  excitation  energy  as  migrating  through  the  molecule  until 
it  is  "localized"  at  a  weakly  bound  electron. 

Photochemical  reactions  follomng  optical  ionization  have  received 
virtually  no  attention.  This  is  because  most  stable  atoms  and  molecules 
have  ionization  potentials  corresponding  to  wave  lengths  in  the  far  ultra- 
violet region  (below  1000  A),  so  that  experimental  work  would  be 
extremely  difficult.  In  the  vast  majority  of  photochemical  reactions 
that  have  been  studied,  ionized  species  do  not  occur.     This  situation  is 


236  RADIATION    BIOLOGY 

particularly  unfortunate  in  view  of  the  basic  role  which  ionized  species 
play  in  radiation-chemical  reactions,  and  it  is  to  be  hoped  that  the 
photochemical  studies  which  would  provide  such  an  important  background 
for  radiation  chemistry  and  radiobiology  may  be  undertaken  in  the 
future.  It  may  be  mentioned,  however,  that  whereas  this  is  quite 
feasible  for  gaseous  reactions,  condensed  systems  would  be  even  more 
difficult  to  study  because,  as  a  result  of  the  very  great  absorption 
coefficients  for  the  ionization  continua,  the  primary  processes  would  occur 
predominantly  in  surface  regions. 

4-2.  SURVEY  OF  IONIZATION  PHENOMENA  PRODUCED 
BY  HIGH-ENERGY  RADIATIONS 

A  detailed  theoretical  analysis  of  the  mechanism  of  a  reaction  caused  by 
absorption  of  high-energy  radiation  would  reciuire  information,  not  only 
on  the  numbers,  but  also  on  the  different  species  of  excited  and  ionized 
atoms  and  molecules  produced  (cf.  Sect.  1-3),  and,  for  treatment  of  the 
kinetics  of  ensuing  elementary  processes,  on  their  spatial  distributions. 
This  information  is,  in  general,  simply  not  available,  and  constitutes  an 
important  goal  for  future  work. 

For  very  simple  atoms  or  molecules  it  may  be  taken  as  a  fairly  adequate 
first  approximation  that  most  of  the  excitation  acts  bring  the  system  to 
its  lowest  electronic  excited  state,  and  most  of  the  ionization  acts  similarly 
produce  ions  in  their  ground  state.  Thus,  Eyring,  Hirschfelder,  and 
Taylor  (1936)  were  able  to  formulate  a  satisfactory  theory  for  certain 
radiation-chemical  reactions  in  hydrogen  gas  by  considering  as  primary 
products  only  the  »S+  excited  state  of  H2  (cf.  Fig.  3-3)  and  the  ^S,  state  of 
H^,  and  analyzing  the  various  secondary  reactions  which  these  entities 
can  undergo.  In  more  complex  systems  such  simplification  is  not 
possible,  and  a  "catalogue"  of  the  various  species  most  abundantly  pro- 
duced is  required.  Dainton  (1948)  has  made  an  initial  approach  to  this 
problem  for  the  important  case  of  H2O. 

The  individual  acts  whereby  impact  of  a  swiftly  moving  charged 
particle  excites  or  ionizes  an  atom  or  molecule  are  on  the  whole  very  well 
understood.  Thus,  there  exist  abundant  experimental  data  concerning 
excitation  and  ionization  produced  by  impact  of  electrons  of  low  and 
moderate  velocities  on  atoms  and  both  simple  and  complex  molecules, 
and  there  are  highly  developed  theoretical  methods  for  interpreting  these 
data  and  calculating  unmeasured  cases  (Massey  and  Burhop,  1952). 
Similar  processes  in  which  swiftly  moving  charged  particles  (such  as  a 
particles  or  fast  electrons)  provide  the  energy  have  not  been  measured 
directly  but  are  amenable  to  theoretical  treatment.  In  the  case  of  high- 
energy  radiations,  however,  much  of  the  effect  is  secondary,  tertiary,  etc. ; 
thus,  about  one-half  to  two-thirds  of  the  total  ionization  produced  by  a  or 
13  particles  is  caused  by  secondary,  tertiary,  etc.,  electrons  which  were 
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themselves  ejected  in  ionization  acts  and  which  had  widely  different 
initial  energies,  and  in  the  case  of  X  or  7  radiation  virtually  none  of  the 
ionization  is  primary.  An  analysis  of  these  complex  chains  of  events  is 
yet  to  be  given. 

Perhaps  the  simplest  average,  or  "index"  of  this  complicated  mixture 
is  the  "mean  energy  per  ion  pair,"  and  although  the  magnitude  of  this 
quantity  and  its  approximate  constancy  but  small  variation  in  several 
gases  are  now  understood  in  an  approximate  way  (Fano,  1946;  cf.  also 
Chap.  1,  Sect.  3-lb),  no  quantitative  treatment  for  even  the  simplest 
cases  has  as  yet  been  attained. 

4-3.  ELEMENTARY  PROCESSES  FOLLOWING  IONIZATION 
IN  GASEOUS  SYSTEMS 

4-3a.  Collisions  of  the  Second  Kind:  Charge  Exchange.  The  most 
important  type  of  collision  of  the  second  kind  which  an  ion  may  undergo 
is  one  in  which  it  captures  an  electron  from  the  colliding  partner.     Thus 

A+  -{-  B -^  A  -j-  B+ 

Such  processes  have  been  observed,  using  beams  of  ions  passing  through  a 
gas,  in  an  impressive  number  of  cases  (the  experimental  data  have  been 
collected  by  Massey  and  Burhop,  1952).  Most  of  these  involve  atomic 
ions,  but  a  few  studies  have  been  made  using  H^  and  N^ ;  the  recipient  of 
the  charge  has  also  usually  been  an  atom,  but  some  instances  in  which  it  is 
a  simple  molecule  have  been  recorded.  It  would,  of  course,  be  difficult 
to  produce  a  beam  of  polyatomic  ions  of  appreciable  intensity. 

Some  examples  of  this  process  in  which  A  is  a  multiply  charged  ion 
have  also  been  investigated.  (Only  a  single  electron  is  exchanged  in  a 
collision.) 

Theoretical  treatment  of  charge  exchange  (also  called  electron  transfer) 
is  very  difficult  and  can  be  accomplished  only  if  A  and  B  are  both  atomic. 
The  dominant  feature  of  the  theory,  which  is  corroborated  by  experiment, 
is  the  importance  of  the  "resonance  rule"  (Sect.  3-lc) :  the  closer  are  the 
ionization  potentials  of  A  and  B,  the  greater  is  the  probability  of  charge 
exchange.  In  the  case  of  exact  resonance,  for  instance  a  beam  of  5+  ions 
passing  through  B  gas,  the  cross  section  can  be  of  order  of  magnitude 
10~^*  cm^,  i.e.,  about  ten  times  the  geometrical  cross  section. ^^  If  the 
ionization  potentials  are  much  different,  the  cross  section  is  very  much 
smaller.     This  behavior  is  well  illustrated  by  the  (at  first  sight)  para- 

1*  This  cross  section  is  not  nearly  as  great  as  it  is  in  the  case  of  exact  resonance  in 
energy  transfer  (sensitized  fluorescence),  for  which  it  can  reach  10"^'  cm^.  The  differ- 
ence between  these  two  cases  can  be  understood  in  terms  of  the  wave-mechanical 
result  that  the  maximum  distance  through  which  the  transfer  can  take  place  is  of  the 
order  of  magnitude  of  one  wave  length — wave  length  of  the  electron  for  charge 
exchange,  wave  length  of  the  photon  for  energy  exchange. 
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doxical  fact  that  the  mobihty  of  He^  ions  in  heUum  is  greater  than  that  of 
He+. 

It  should  be  mentioned  that,  in  "fast"  coUisions  at  any  rate,  even 
identical  molecules  are  not  in  exact  resonance,  because  the  equilibrium 
nuclear  separations  of  ionized  and  neutral  molecules  are  in  general  differ- 
ent. On  the  other  hand,  possible  small  changes  in  oscillation  energy, 
which  would  not  violate  the  Franck-Condon  principle  in  "slow"  colli- 
sions, might  tend  to  improve  resonance  in  the  impact  of  a  dissimilar  ion 
and  molecule.     Such  molecular  effects  do  not  appear  to  have  been  studied. 

In  a  very  large  polyatomic  molecule,  "charge  exchange"  may  occur 
internally,  the  electron  vacancy  migrating  until  a  more  stable  configura- 
tion is  reached.  This  process  could  well  be  of  importance  in  radiation- 
chemical  and  radiobiological  reactions.  It  is,  of  course,  a  mechanism  dis- 
tinct from  the  electron  migration  discussed  in  Sect.  3-4d. 

In  conclusion,  mention  must  be  made  of  the  fact  that  other  elementary 
processes,  such  as  exchange  reactions,  may  also  involve  a  transfer  of 
charge.     An  example  is 

H2  +  Br+  ->  HBr  +  HBr+ 

4-3b.  Dissociation.  Ionization  of  a  molecule,  either  by  light  absorption 
or  by  electron  impact,  usually  leaves  the  ion  in  an  excited  vibrational 
state  (Sect.  4-1),  and  the  ion  will  dissociate  (monomolecularly)  if  its  dis- 
sociation energy  is  smaller  than  this  vibrational  excitation  energy.  Such 
dissociation  is  of  very  common  occurrence.  (In  homopolar  diatomic  mol- 
ecules the  vibrational  excitation  energy  is  often  smaller  than  the  dissocia- 
tion energy,  and  they  may  be  ionized  without  permanent  chemical  effect.) 
The  time  required  for  dissociation  to  take  place  is  strongly  influenced  by 
the  complexity  of  the  molecule.  In  general,  diatomic  molecules  dis- 
sociate at  once,  i.e.,  in  a  time  of  order  of  magnitude  10~^^  second;  poly- 
atomic molecules,  in  which  the  vibrational  energy  can  fluctuate  among 
many  degrees  of  freedom,  may  not  dissociate  until  after  a  much  longer 
time  (cf.  Sect.  3-3c) — as  long  as  10"^  second  in  some  cases. ^^ 

16  Recent  techniques  of  mass  spectrometry  have  made  possible  a  determination  of 
lifetime  for  dissociation  of  certain  polyatomic  ions  (cf.,  for  example,  Hippie,  1948). 
The  measurements  are  restricted  to  ions  that  have  a  lifetime  of  order  of  magnitude 
10-6  second;  an  example  is  C4H+  -^  C3H+  +  CH3.  Apparently  the  reason  for  this 
comparatively  long  lifetime  has  not  been  conclusively  established.  Two  evident 
possibilities  are:  (1)  that  the  ion  is  in  a  high  vibrational  level  of  the  ground  electronic 
state,  and  the  measured  lifetime  reflects  the  time  required  for  this  vibrational  energy 
to  be  concentrated  in  a  particular  degree  of  freedom;  and  (2)  that  the  ion  is  in  an 
excited  electronic  state  that  is  metastable,  it  therefore  cannot  radiate  in  a  period  of 
10"''  second,  and  its  lifetime  stems  from  the  time  required  for  internal  conversion  to 
the  ground  state,  in  which  the  high  vibrational  energy  soon  dissociates  the  molecule. 
In  view  of  the  fact  that  IQ-^  second  is  a  relatively  long  time  for  a  highly  (vibrationally) 
excited  molecule  to  require  for  dissociation,  explanation  (2)  would  appear  the  more 
likely. 
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Such  dissociations  of  ions  are  quite  evidently  very  important  processes 
for  the  mechanisms  of  radiation-chemical  and  radiobiological  reactions. 
One  of  the  most  powerful  tools  for  their  study  is  the  mass  spectrometer, 
and  a  great  deal  of  experimental  information  is  available  from  this  source 
(Massey  and  Burhop,  1952),  both  for  simple  and  for  complex  molecules. 
It  is  commonly  possible,  in  these  experiments,  to  determine  both  the 
nature  of  the  various  ionic  species  and  their  yields  for  various  values  of 
the  kinetic  energy  of  the  electrons  which  are  used  to  produce  the  initial 
ionization.  From  such  data  there  can  also  be  determined  the  appearance 
'potential  of  a  particular  ion,  which  is  the  minimum  electron  energy  at 
which  the  ion  can  be  detected.  A  given  molecule  has  a  number  of  differ- 
ent appearance  potentials,  each  corresponding  to  production  of  a  different 
excited  state  of  the  resultant  ion — and  each  such  state  has  a  characteristic 
fate,  for  instance,  a  particular  mode  of  dissociation.  The  appearance 
potential  corresponding  to  the  lowest  electronic  state  of  the  complete 
molecular  ion  is  often  equal  to  the  ionization  potential  of  the  molecule; 
indeed,  measurement  of  this  appearance  potential  is  usually  a  con- 
venient, and  often  the  only  practicable  way  to  determine  the  ionization 
potential. 

4-3 c.  Recombination.  The  charge  on  a  primary  positive  ion  or  on  an 
ion  which  is  one  of  its  dissociation  products  must  ultimately  be  neutral- 
ized. This  may  take  place  by  recombination  with  an  electron,  or  with  a 
negative  ion. 

Capture  of  a  slow  electron  by  a  positive  atomic  ion  to  form  the  ground 
state  of  the  atom  (and  therefore  with  radiation  of  a  photon  of  energy  equal 
to  the  ionization  potential)  is  a  process  of  such  low  intrinsic  probability 
that  it  may  be  entirely  neglected  in  ordinary  chemistry  (it  may  play  a 
role  in  such  special  circumstances  as  electric  discharges  or  under  certain 
extraterrestrial  conditions).  Capture  of  a  swiftly  moving  electron  is 
even  less  probable.  Even  capture  to  the  ground  state  in  a  three-body 
colhsion  is  relatively  unlikely,  unless  the  third  bod}^  is  an  electron.  The 
most  probable  process  in  most  conditions  encountered  in  gaseous  sys- 
tems is  capture  to  a  very  highly  excited  state.  ^^  Unless  the  pressure  is 
extremely  low,  this  type  of  capture  can  indeed  occur,  by  "long-range" 
interaction  with  other  entities,  in  such  a  way  that  the  very  small  energy 

"  To  recombine  with  a  positive  ion,  a  free  electron  has  to  lose  energy  by  radiation; 
it  does  so  because  it  is  accelerated  in  the  positive  field  of  the  ion.  Small  energy  losses 
connected  with  relatively  small  accelerations  can  be  sufficient  for  a  transition  of  the 
free  electron  into  the  closed  but  large  orbits  of  the  highly  excited  states.  Great 
accelerations  and  great  radiation  losses  are  needed  for  a  recombination  into  the  small 
orbits  of  the  ground  state.  They  occur  only  by  nearly  central  encounters  between 
electron  and  ion,  and  they  are,  of  course,  rare.  For  accurate  treatment  of  the  recom- 
bination process  quantum  mechanical  calculations  are  needed.  They  reveal  that 
another  factor  favoring  recombination  into  highly  excited  states  is  the  high  statistical 
weight  of  certain  of  those  states. 
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evolved  is  not  emitted  as  radiation,  but  rather  transferred  to  these 
entities.  Thus  electron  recombination  usually  proceeds  through  a  stage 
corresponding  to  high  electronic  excitation,  and  the  discussion  of  con- 
sequences of  such  excitation  in  Sect.  3  is  therefore  applicable. 

Electron  capture  by  a  positive  molecular  ion,  with  dissociation  of  the 
product  molecule  in  the  same  step,  is  another  possible  process.  An 
example,  which  is  under  consideration  for  its  possible  contribution  to 
recombination  in  the  upper  atmosphere,  is  the  recombination  of  0^  and 
an  electron  to  form  two  oxygen  atoms  in  (different)  excited  states. 

If  there  are  present  in  the  system  atoms  or  molecules  having  appreciable 
electron  affinity  (which  comparatively  few  do;  notable  cases  are  the  hal- 
ogen atoms,  O  and  O2),  electrons  may  be  captured  to  form  negative  ions. 
(This  process  occurs  only  in  three-body  collisions;  radiative  capture  is  an 
order  of  magnitude  less  probable  than  it  is  for  capture  by  positive  ions; 
and  capture  to  a  highly  excited  state  is  not  possible,  at  least  in  the  case  of 
atomic  ions,  because  negative  atomic  ions  have  no  excited  states  of  appre- 
ciable binding  energy.)  An  important  elementary  process  in  such  sys- 
tems is  the  recombination  of  a  negative  and  a  positive  ion.  There  are 
three  important  possible  products  of  such  a  reaction:  (1)  the  positive  and 
negative  ion  may  simply  neutralize  one  another  (charge  exchange) ;  (2) 
they  may  form  two  neutral  entities  (atoms,  molecules,  radicals)  differing 
in  atomic  composition  from  the  two  original  ions;  and  (3)  they  may  com- 
bine, in  a  three-body  collision,  in  an  association  reaction.  It  is  important 
to  observe  that,  because  ionization  potentials  are  in  general  much  greater 
than  electron  affinities,  such  recombinations  are  usually  strongly  exo- 
thermal. In  two-body  collisions,  highly  excited  products  are  at  all  events 
very  likely.  The  three-body  recombination  of  negative  and  positive 
ions  is  the  predominant  process  in  the  recombination  in  ionized  air  (or 
atmosphere)  at  pressures  greater  than  about  1  mm  of  mercury.  For  fur- 
ther details  on  the  recombination  of  gaseous  ions  the  review  by  Massey 
(1952)  may  be  consulted. 

4-3d.  Electron  Attachment  to  Neutral  Molecules.  If  a  molecule  contains 
an  atom  which  can  form  a  negative  ion  (i.e.,  which  has  appreciable  elec- 
tron affinity),  it  can  capture  an  electron  in  the  important  elementary 
process 

AB  -\-  e  ^  A  -\-  B- 

Such  processes  have  been  demonstrated  with  particular  clarity  for  the 
case  that  B  is  atomic:  examples  are  capture  by  CU,  Br2,  I2,  and  O2.  If  the 
electron  affinity  of  B  is  smaller  than  the  dissociation  energy  of  AB,  the 
energy  deficit  must  be  supplied  in  the  form  of  kinetic  energy  of  the 
electron;  the  process  is  somewhat  less  probable  but  still  possible,  and 
there  will  be  a  definite  appearance  potential  for  the  ion  B~  to  be  so 
formed  (if  accurately  measured,  this  appearance  potential  can  be  a  basis 
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for  the  determination  of  the  electron  affinity  of  B ;  the  dissociation  energy 
of  AB  must  then  of  course  be  known). 

4-4.  ELEMENTARY  PROCESSES  FOLLOWING  IONIZATION 
IN  CONDENSED  SYSTEMS'^ 

The  presence  of  a  liquid  or  solid  environment  profoundly  affects  the 
course  of  a  chemical  reaction  caused  by  penetration  of  high-energy  radia- 
tion. The  influence  is  felt  in  all  three  stages  of  progress  of  the  reaction: 
in  the  initial  energy  transfers  to  molecules  of  the  medium,  in  the  imme- 
diate consequences  of  this  energy  transfer,  and  in  the  subsequent  elemen- 
tary reactions  (and  kinetics  thereof)  which  the  primary  products  undergo. 
In  the  following  brief  discussion  attention  mil  be  restricted  to  litiuid 
water,  a  medium  of  great  complexity  and,  of  course,  of  unique  importance 
in  both  chemistry  and  biology.  However,  many  of  the  remarks  will  apply 
at  least  qualitatively  to  other  polar  solvents  as  well. 

Energy  transfers  from  a  swiftly  moving  charged  particle  to  molecules 
of  a  medium  include  excitation  acts,  and  ionization  acts  covering  a  wide 
spectrum  from  small  energy  transfers  of  magnitude  close  to  the  ionization 
potential,  which  produce  an  ion  and  a  very  slow  electron,  to  very  great 
energy  transfers  that  produce  the  same  positive  ion  but  a  very  energetic 
electron.  The  latter  group  of  ionization  events  will  not  be  influenced  by 
the  fact  that  a  molecule  is  immersed  in  a  liquid;  indeed,  even  the  binding 
of  the  atomic  electrons  in  the  atoms  and  molecule  has  only  a  minor  effect 
on  great  energy  transfers.  The  small  energy  transfers,  however,  will  be 
very  sensitive  to  finer  details  of  the  electronic  binding,  and  the  relative 
numbers  of  different  possibilities  for  small  energy  transfer  will  depend 
intimately  on  the  state  of  aggregation.  The  same  argument  applies  to 
ionization  by  secondary,  etc.,  electrons.  One  consequence  of  this  must 
be  a  small  but  appreciable  difference  between  gaseous  and  liquid  water  in 
the  stopping  power  for  swiftly  moving  charged  particles.  Another,  and 
much  more  marked  one,  will  be  a  difference  in  the  mean  energy  recjuired 
to  form  an  ion  pair:  the  value  for  the  Uquid  would  be  anticipated  to  be 
about  10  to  20  ev  instead  of  the  often-used  value  of  30  to  35  ev,  taken 
without  justification  from  experiments  on  gases.  Unfortunately,  it  has 
not  yet  been  possible  to  determine  this  important  quantity  directly  from 
experiment. 

The  very  concept  of  what  constitutes  an  ionization  act  requires  new 
attention  when  a  liquid  like  water  is  considered,  and  the  ionization  poten- 
tial, which  must  in  any  case  be  smaller  than  it  is  in  the  gaseous  phase 
(because  of  the  influence  of  the  dielectric  constant  in  decreasing  the  energy 
required  to  separate  ion  and  electron)  is  difficult  to  define.  It  is  possible, 
for  example,  that  an  electron  be  transferred  through  a  distance  of  several 
molecular  diameters,  within  a  particular  group  of  closely  coupled  water 

18  Cf.  Platzman  (1952b). 
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molecules,  and  that  such  a  transfer  would  effect  chemical  change  (the 
products  escaping  the  "cage")  ecjuivalent  to  that  effected  by  a  truly  freed 
electron. 

Following  the  production  of  ions,  the  role  of  the  medium  is  felt  even 
more  strongly:  the  ions  become  "hydrated."  This  process,  which 
involves  more  or  less  orderly  alignment  of  water  molecules  in  the  vicinity 
of  the  ion,  takes  place  within  a  period  after  the  ionization  act  approxi- 
mately equal  to  the  dielectric  relaxation  time  of  water,  namely,  10~'^ 
second.  Thus  it  is  very  fast,  almost  as  fast  as  direct  dissociation  and 
about  as  fast  as  internal  conversion.  If  a  primary  ion  undergoes  internal 
conversion  or  dissociation,  these  processes  will  occur  in  conjunction  with, 
and  may  be  intimately  coupled  to,  the  alignments  of  hydration.  Evi- 
dently much  of  the  energy  transferred  to  the  medium  in  an  ionization  act 
(not  including  the  kinetic  energy  of  the  ejected  electron)  will  be  dissipated 
almost  at  once  as  heat;  a  portion  may  be  retained  as  chemical  energy,  but 
only  a  negligible  ([uantity  will  reside  in  the  ions  per  se,  for  recombination 
of  hydrated  ions  like  H+  and  0H~  evolves  only  0.6  ev  in  the  liquid  state, 
as  compared  to  an  estimated  15  ev  for  the  free  ions  in  the  gaseous  state. 
Thus,  in  the  particular  case  of  water,  the  events  following  an  initial  ioniza- 
tion act  are  very  complex:  the  adjacent  water  molecules  orient  about  the 
ion,  any  additional  excitation  energy  of  the  H2O+  is  transformed  by 
internal  conversion  to  oscillations  of  H2O+  and  thence  to  oscillations  of 
the  neighborhood,  the  H2O+  dissociates  by  transferring  a  proton  to  a 
neighboring  water  molecule  to  form  H3O+  (it  will  be  that  proton  which 
happens  to  be  caught  in  the  more  favorable  position),  and  the  heat  gen- 
erated by  both  H3O+  formation  and  hydration  excite  the  oscillations 
about  the  ion  to  a  degree  far  in  excess  of  that  corresponding  to  the  ambient 
temperature. 

In  the  capture  of  an  electron  by  H2O  to  form  0H~  -|-  H,  the  hydration 
energy  again  enters  in  intimate  fashion,  so  that  the  process  is  closely  akin 
to  one  proceeding  in  a  large  polyatomic  molecule.  It  is  complicated, 
however,  by  the  mobility  of  the  electron  and  the  complex  and  rather 
subtle  nature  of  the  energy  balance,  and  is  not  understood  at  the  pres- 
ent time. 

Elementary  reactions  of  radicals,  ions,  etc.,  formed  by  the  primary 
processes  will  proceed  as  they  do  in  corresponding  thermal  processes,  the 
medium  again  exercising  an  influence  which  may  be  small  or  great.  Thus 
the  association  reaction  OH  +  OH  -^  H2O2  is  probably  affected  in  a 
relatively  minor  way,  chiefly  by  polarization  and  small  orientation  effects 
of  the  electric  charge  distribution  in  water,  and  by  a  modification  of  the 
details  of  diffusion.  On  the  other  hand,  an  electron  exchange  reaction 
such  as  OH  +  Br~  — ^  OH"  +  Br  is  in  actuality  an  entirely  different 
reaction  from  the  corresponding  one  in  a  gas:  the  negative  ions  act  like 
large  polyatomic  molecules,  the  energy  of  the  reaction  depends  not  only 
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on  the  two  electron  affinities  but  also  on  the  two  hydration  energies,  and 
the  transfer  of  the  electron  takes  place  as  the  atom  and  rather  large  ionic 
system  interpenetrate  during  a  collision;  this  electron  exchange  cannot 
possibly  be  thought  of  as  a  simple  "electron  jump"  because  of  the  essen- 
tial contributions  of  the  hydration  shells  to  the  energy  of  the  transition. 

4-5.  MULTIPLE  IONIZATION 

Multiple  ionization  is  known  to  occur  with  ciuite  appreciable  yield  in 
electron  impact  experiments  with  atoms  (Massey  and  Burhop,  1952).  In 
the  case  of  molecules,  little  information  is  available  because  multiply 
charged  molecules  usually  dissociate  quickly  as  a  result  of  the  Coulomb 
repulsion.  (Relatively  few  doubly  charged  molecules  have  been  observed 
in  mass-spectrometric  experiments,  and  apparently  none  of  charge  greater 
than  two  has  been  detected.  It  is  possible,  in  fact,  that  some  or  all  of  the 
doubly  charged  molecules  are  not  stable  but  metastable.) 

Multiply  charged  ions  will  always  result  (with  atoms  of  small  mass, 
such  as  are  found  in  biological  systems)  from  single  ionization  acts  in  an 
inner  shell  of  an  atom.  With  high-energy  radiations  such  multiple 
ionization  is  by  no  means  a  rare  effect  (Platzman,  1952a). 

Multiple  ionization  would  appear  to  hold  promise  of  explaining  the  pri- 
mary physical  process  for  chemical  changes  in  particularly  stable  mole- 
cules which  are  not  transformed  by  single  ionization  or  excitation  acts, 
for  it  would  always  have  a  potent  influence  on  a  polyatomic  molecule  of 
not  too  great  size,  even  in  condensed  phases.  Although  this  possibility 
has  provoked  some  speculation,  there  seems  to  be  no  definite  empirical 
indication  of  such  an  effect  at  the  present  time. 

4-6.  THE  SIGNIFICANCE  OF  DENSITY  OF  IONIZATIONS^ 

The  possible  effects  of  "density  of  ionization"  (and,  of  course,  also  of 
"density  of  excitation")  on  radiation-induced  reactions  are  ordinarily 
considered  to  arise  from  the  influence  which  the  initial  spatial  distribution 
of  energy  transfers  has  on  the  kinetics  of  elementary  reactions  having 
reaction  rates  of  order  two  or  greater  (cf.  Sect.  1-3).  This  effect  need 
not,  however,  be  the  only  one.  If  the  reactant  is  a  large  polyatomic 
molecule,  it  is  necessary  to  consider  how  the  molecule  as  a  whole  is 
affected  by  a  single  large  deposition  of  energy  as  compared  to  a  number  of 
successively  delayed  smaller  ones.  If  a  particular  effect  on  the  molecule 
were  to  have  a  threshold  energy  for  transformation,  for  instance,  different 
types  of  radiation  would  have  different  effects  and  the  differences  would 
not  be  interpretable  on  the  basis  of  simple  reaction  kinetics:  they  would 
stem  instead  from  a  complicated  interplay  of  the  electronic  and  vibra- 
tional energies  of  various  "parts"  of  the  single  molecule.     An  example  of 

•9Cf.  Chap.  1,  Sect.  5-5b. 
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such  a  possibility  is  discussed  in  Sect.  5-2  in  terms  of  nonlocalized  action 
of  ionizing  radiation. 

Moreover,  the  local  heating  produced  when  densely  ionizing  particles 
penetrate  matter  should  not  be  overlooked  in  an  analysis  on  the  basis  of 
even  the  simplest  reaction  kinetics.  This  "heating"  is  actually  an 
extremely  complex  phenomenon,  of  course,  for  the  "heated"  region  is  in 
any  transient  state  a  system  intermediate  between  one  in  thermal 
equilibrium  and  a  large  molecule  the  vibrations  of  which  are  highly 
excited.  It  will  certainly  influence  elementary  processes  which  occur 
during  a  certain  period  following  passage  of  the  primary  particle.  Just 
how  to  treat  such  effects  is  not  known,  but  it  is  certainly  not  justifiable  to 
ignore  them — as  some  investigators  have  done,  for  example,  in  consider- 
ing the  reaction  of  two  OH  radicals  in  the  "track"  of  an  a  particle  in 
water  to  proceed  at  a  rate  corresponding  to  room  temperatures. 

5.  GENERAL  REMARKS  ON  APPLICATIONS  TO  BIOLOGY 

5-1.  INDIRECT   CHEMICAL   EFFECTS   OF   HIGH-ENERGY  RADIATIONS 

ON  BIOLOGICAL  MATERIAL 

The  action  of  high-energy  radiations  on  biological  material  has,  in 
many  cases,  been  shown  to  be  either  in  whole  or  in  part  an  indirect  one. 
Many  examples  of  such  type  have  been  observed — for  instance,  by 
irradiation  of  cells,  viruses,  enzymes,  etc.,  in  aqueous  suspension  under 
conditions  where  transfer  of  energy  from  the  high-energy  radiation  is 
predominantly  to  molecules  of  water  (cf.  Sect.  1-4). 

In  the  case  of  pure  water,-"  this  energy  transfer  results  in  the  formation 
of  hydrogen  peroxide  at  a  rate  which  depends  on  the  concentration  of 
molecular  oxygen  dissolved  in  the  water.     If  biological  matter  is  sus- 

20  The  effects  of  various  high-energy  radiations  on  water  all  appear  to  stem  from 
H  and  OH  radicals  formed  in  primary  processes  ,  both  from  dissociation  or  predissoci- 
ation  following  excitation,  and  from  ionization,  as  explained  in  Sect.  4-4.  The  actual 
final  products,  which  may  include  Ho,  O2,  and  H2O2  in  the  case  of  pure  water  and 
various  further  possibilities  in  the  case  of  solutions,  and  the  efficiencies  with  which 
they  are  produced,  are  determined  by  the  intricate  kinetics  according  to  which  the 
primary  products  recombine,  diffuse,  react,  etc.  They  depend  chiefly  on  the  type  of 
radiation,  which  governs  the  density  of  ionization,  on  the  temperature,  and  also  on  the 
actual  purity  of  the  water,  and,  in  principle,  on  the  irradiation  intensity.  Thus,  in 
the  case  of  a-particle  irradiation,  many  of  the  OH  radicals  are  produced  in  regions  of 
high  transient  local  concentration  and  temperature;  the  combination  of  two  OH  radi- 
cals to  form  H2O2  is  therefore  highly  favored,  and  H2O2  is  indeed  an  abundant  product. 
In  the  case  of  /3-particle  or  7-ray  irradiation,  most  of  the  radicals  are  produced  in  low 
local  concentrations,  general  diffusion  is  favored,  and  the  recombination  reaction 
H  +  OH  -*  H2O  dominates;  thus  there  is  little  or  no  permanent  effect.  If  dissolved 
air  or  oxygen  is  present,  however,  the  very  probable  reaction  H  +  O2  -^  HO2  in 
effect  "stabilizes"  the  radicals  and  makes  possible  the  over-all  formation  of  H2O2  in 
subsequent  stages. 
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pended  in  the  water,  the  peroxide  will  react  with  it  and  may  impede  or 
destroy  its  function  as  a  result  of  various  oxidation  reactions.  It  is  now 
established  as  a  rather  general  result  in  a  variety  of  experimental  circum- 
stances that  the  damaging  influence  in  such  cases  is  strongly  enhanced  by 
the  presence  of  oxygen,  whereas  (preirradiative)  addition  of  easily 
oxidizable  material  which  removes  peroxide  has  a  protective  influence. 
Not  only  hydrogen  peroxide  formation  in  the  water,  but  also  products  of 
reactions  involving  certain  other  solutes,  can  cause  indirect  damage. 
Thus,  to  cite  one  example,  according  to  Barron  (private  communication) 
certain  biological  material  suspended  in  sea  water  is  more  sensitive  to 
high-energy  radiation  than  if  suspended  in  pure  water.  Reaction  of  OH 
radicals  with  hydrated  halide  ions,  by  which  halogen  atoms  (and,  sub- 
sequently, molecules)  are  formed  (charge  transfer  in  collisions  in  solution; 
cf.  Sect.  4-4)  might  be  responsible  for  this  extra  damage. 

The  use  of  the  word  "poison"  for  an  indirect  influence  would  seem  to 
be  a  proper  one  in  many  cases,  for  if  the  biological  material  is  in  dilute 
solution  the  only  way  in  which  primary  products  of  the  irradiation  formed 
in  the  environment  can  have  an  influence  is  by  actual  diffusion  of  an 
energy-rich  entity  (such  as  H2O2)  formed  by  primary  or  subsequent 
interaction  of  the  radiation  with  the  environment,  and  the  only  entities 
that  can  have  a  significantly  great  diffusion  distance  are  those  that  are 
appreciably  stable.  The  "poison"  itself  need  not,  however,  be  a  chem- 
ically stable  substance,  for  some  free  radicals  (such  as  HO2  and  I)  formed 
secondarily  by  reaction  of  primary  products  with  solutes  (O2,  I~)  can  live 
long  enough  to  have  an  appreciable  radius  of  influence.  ^^  Other  free 
radicals,  as  for  example  the  primary  ones  H  and  OH,  may  be  very  reactive 
but  are,  therefore,  short  lived;  they  can  effect  a  change  only  if  produced 
in  the  immediate  neighborhood  of  the  biological  entities.  Thus  the 
indirect  type  of  influence  verges  on  the  direct,  and  in  such  circumstances 
no  attempt  should  be  made  to  force  the  interpretation  into  unique  con- 
formity with  one  or  the  other  hypothesis. 

5-2.  DIRECT  CHEMICAL  CHANGES  PRODUCED  BY 

HIGH-ENERGY  RADIATIONS  IN  MOLECULES 

OF  BIOLOGICAL  IMPORTANCE 

If  a  swiftly  moving  charged  particle  passes  through  a  complex  of  bio- 
logical material,  or  even  if  it  passes  in  the  immediate  vicinity,  the  bio- 
logical function  of  the  complex  can  be  altered  or  even  destroyed.  Radio- 
biologists  speak  in  this  circumstance  of  the  influence  of  a  direct  hit  on 
a  biological  target. 

21  There  may  even  be  chain  reactions.     A  suggestive  possibiHty  is 

HO2  +  RH  -^  HROo  +  H 
H  +  O.^  HO2 
Such  a  chain  would  cause  both  heating  and  a  partial  "burning  "  of  the  organic  material. 
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The  possible  influences  of  "hits"  are  understandable,  since  there  can  be 
ascribed  to  biological  material  the  same  general  sorts  of  chemical  changes 
as  those  induced  by  excitation  and  ionization  processes  in  ordinary 
chemical  substances.  There  is  one  essential  difference,  however,  namely, 
that  the  molecules  and  molecular  groups  of  biological  significance  are 
much  more  complex  than  ordinary  chemical  compounds,  and,  therefore, 
not  only  are  many  more  types  of  chemical  change  possible  in  the  former, 
but  there  is  far  less  specific  knowledge  from  spectroscopy,  photochemistry, 
and  radiation  chemistry  available  to  aid  in  their  understanding. 

It  is  not  the  function  of  this  chapter  to  analyze  the  evidence  for  the 
target  mechanism  in  any  particular  instance.  The  question  of  direct  vs. 
indirect  influence  is  for  most  cases  one  still  very  much  in  a  state  of  active 
exploration  and  lively  debate.  At  best,  only  few  examples  of  the  direct 
hit  mechanism  can  be  considered  to  have  been  conclusively  established, 
and  proponents  of  each  of  the  alternatives  have  often  overextended  the 
models  in  applying  them  to  actual  experiments.  It  cannot  be  doubted 
that,  as  applied,  the  models  are  usually  vastly  oversimplified  idealizations, 
and  that  in  testing  them  in  experimental  situations,  quantitative  sig- 
nificance has  all  too  commonly  been  attributed  to  arguments  that  are  at 
most  of  qualitative  validity. 

Nevertheless,  if  the  understanding  of  the  target  hypothesis  is  to 
advance,  one  must  press  for  a  realistic  analysis  of  the  actual  phenomenon 
of  the  "hit"  on  a  valid  physical  basis.  The  mere  statement  that  "a  hit 
deactivates  or  modifies  a  system"  poses  a  problem  but  does  not  close  a 
question.  In  the  following  paragraphs  a  general  discussion  with  several 
examples  is  given  as  a  means  of  illustrating  the  initial  steps  which  such 
an  analysis  might  follow. 

If  the  biological  material  be  considered  to  be  composed  of  single  large 
molecules  or  molecular  aggregates,  then  the  question  devolves  on  the 
effect  of  excitation  or  ionization  on  such  an  entity.  Isolated  single  events 
are  considered  first.  Excitation  can  be  followed  by  luminescence,  by 
dissociation  or  predissociation,  or  by  internal  conversion."  The  first 
possibility  can  be  disregarded  because  it  is  so  rare  in  the  type  of  poly- 
atomic molecule  most  commonly  found  in  biological  systems.  (When 
present  it  can  usually  be  readily  recognized.)  Either  type  of  dissociation 
will  split  off  an  atom  or  radical,  and  this  may  have  a  permanent  effect  if 
the  reverse  reaction  has  a  small  probability.  Such  primary  recombina- 
tion is  favored  by  the  cage  effect  in  all  biological  systems,  but  opposed  by 
the  circumstance  that  the  remainder  of  the  molecule,  being  still  a  very 
large  molecule,  may  tend  to  reorganize  slightly  and  thereby  cause  the 
activation  energy  for  the  recombination  to  be  great  enough  to  hinder  the 

22  In  considering  target  mechanisms  in  biological  media,  only  internal  molecular 
transformations,  which  are  monomolecular  processes,  need  be  treated.  However, 
energy  migration  may  occur  (of.  Sect.  3-4d). 
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primary  back  reaction.  No  general  conclusions  as  to  these  opposing 
tendencies  can  be  made,  and  instances  of  either  extreme  may  be  expected. 
How  great  the  biological  influence  of  an  unreversed  dissociation  will  be 
cannot  of  course  be  answered  generally,  but  it  seems  likely  that  some 
varieties  of  radiobiological  effect  should  arise  from  this  process.  How- 
ever, internal  conversion  may  be  expected  to  be  the  most  common  conse- 
quence of  electronic  excitation  in  a  molecule  of  biological  importance.  It 
will  almost  always  bring  the  molecule  to  a  state  of  high  oscillational  energy 
and  thereby,  by  communication  of  this  oscillation  energy  to  the  environ- 
ment as  heat,  to  the  normal  state.  Thus  excitation  will  commonly  have 
no  permanent  effect.  If  the  "hot  molecule"  should  be  structurally  sen- 
sitive to  its  high  "internal  temperature"  a  permanent  change  might,  how- 
ever, result.  (This  suggests  a  correlation  between  thermal  and  radiation 
sensitivity.)  Of  particular  interest  is  the  special  case  of  permanent 
molecular  reorganization  following  the  internal  conversion,  to  be  dis- 
cussed in  succeeding  paragraphs. 

A  single  ionization  should  often  be  reversed  by  subsequent  recapture 
of  an  electron.  This  is  not  to  imply  that  there  will  be  no  permanent 
effect,  however,  for  the  electron  will  be  captured  so  as  to  produce  a  highly 
excited  electronic  state  of  the  molecule.  Thus  the  energy  liberated 
during  the  recombination  will  be  small,  whereas  the  rest  of  the  energy  is 
dissipated  in  a  way  usual  for  excitation  energy,  namely,  through  dissocia- 
tion of  the  molecule  or  as  oscillational  energy.  There  is  also  the  additional 
possibility  that  the  primary  ion  dissociates  into  two  or  more  fragments 
(Sect.  -i-Sb),  and  if  this  occurs  the  probability  of  reversal  will  usually  be 
small;  the  process  should,  therefore,  be  a  common  one  in  mechanisms  of 
radiobiology.  Ionization  in  most  systems  of  biological  interest  has  an 
important  characteristic  in  respect  to  which  it  differs  strikingly  from 
ionization  in  a  gaseous  system :  because  the  freshly  formed  ions  are  quickly 
hydrated  by  the  ambient  water  (Sect.  4-4)  and  this  hydration  liberates  a 
great  amount  of  heat,  most  of  the  energy  transferred  to  the  electronic 
system  of  the  molecule  via  the  ionization  act  is  dissipated  almost  imme- 
diately after  that  act.  The  actual  recombination  is  one  of  electrolytic 
ions;  it  involves  relatively  small  energy  change;  and  it  occurs  in  general 
long  afterward.  An  illustration  of  the  profound  influence  which  hydra- 
tion may  have  on  the  mechanism  of  a  radiobiological  effect  is  provided  by 
the  proposed  mechanism  for  the  inactivation  of  proteins  to  be  described 
below. 

It  is  to  be  expected  that,  in  general,  more  than  one,  and  very  likely  a 
rather  great  number  of  the  elementary  processes  mentioned  above  may 
operate  to  cause  observable  change  in  a  particular  biological  function. 
For  example,  a  number  of  different  excited  states  may  have  nonzero,  and 
different,  probabilities  for  nonreversed  cleavage.  The  experimental 
results  should  then  follow  the  familiar  manifestations  of  a  "hit"  phenom- 
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enon  insofar  as  the  shape  of  the  survival  curve,  and  effect  of  variation  of 
dose  rate,  are  concerned.  However,  the  insensitivity  to  variation  of  iy^pe 
of  high-energy  radiation  (e.g.,  to  variation  of  wave  length  of  X  rays)  must 
be  expected  to  be  a  qualitative  result  which  might  not  be  substantiated 
quantitatively  by  refined  experiment.  And  above  all,  the  experimentally 
determined  "target  area"  would  not  be  correctable  meaningfully  with 
the  geometrical  area  of  the  molecule  or  of  any  chemically  defined  portion 
of  it;  rather,  it  would  be  a  complicated  average  of  the  cross  sections  for 
various  types  of  excitation  multipUed  by  their  respective  probabilities 
for  causing  the  observed  effect. 

If  the  biological  unit  experiences  several  "simultaneous"  excitation  or 
ionization  events  (arising  either  from  the  random  fluctuations  of  primary 
acts,  or  from  a  greater  average  density  of  ionization;  cf.  Sect.  4-6),  the 
result  will  usually  be  a  greater  tendency  for  all  possible  structural  changes. 
Obviously,  if  a  single  event  is  sufficient  to  cause  an  observable  effect, 
several  events  can  do  no  more,  and  this  may  lead  to  an  apparent  decrease 
in  the  number  of  hits  per  primary  event.  On  the  other  hand,  if  a  single 
event  is  not  enough  to  effect  the  observable  change,  the  use  of  radiation 
for  which  multiple  events  are  frequent  may  cause  changes  otherwise  un- 
detectable, or  less  frequent.  In  the  extreme  case  of  very  densely  ionizing 
radiation,  the  disruption  is  so  great  that  it  is  difficult  to  treat  theoretically. 
In  this  case,  however,  the  idea  of  a  high-temperature  column  advanced 
by  Dessauer  may  be  a  vaUd,  or  at  least  a  suggestive,  approximation.  A 
very  simple  example  of  additivity  of  primary  events  is  provided  by  the 
mechanism  of  protein  inactivation  suggested  below. 

Observed  radiobiological  effects  of  the  "direct"  type  may  be  classified 
according  to  whether  the  primary  process  brings  about  a  localized  action, 
affecting  the  chemical  structure  of  a  more  or  less  recognizable  molecular 
group,  or  a  nonlocalized  action,  influencing  the  organization  of  a  relatively 
great  region.  Localized  action  may  include,  for  example,  the  direct  chem- 
ical transformation  of  a  prosthetic  group  of  a  protein  following  its  elec- 
tronic excitation^s  q^.  ionization.  The  primary  act  may  lead  to  a  dis- 
sociation which  cleaves  off  an  atom  or  radical  and  results  in  oxidation  of 
the  group ;  it  may  lead  to  an  internal  conversion  which  has  a  certain  prob- 
ability for  chemical  effect;  or  it  may  even  consist  of  the  transfer  of  an 

23  In  some  cases  the  prosthetic  group  need  not  be  excited  directly  by  the  incident 
radiation:  the  excitation  energy  may  be  transferred  to  it  after  (say)  initial  absorption 
in  an  amino  group  of  the  protein.  For  this  to  occur,  it  is  not  necessary  that  the  amino 
group  be  fluorescent  with  observable  yield  for  if  the  spectrum  of  this  fluorescence, 
however  weak,  includes  wave  lengths  which  the  prosthetic  group  can  absorb,  the 
excitation  energy  can  be  communicated  directly  from  the  amino  group  to  the  prosthe- 
tic group  by  a  process  akin  to  that  responsible  for  sensitized  fluorescence.  Indeed, 
many  amino  groups  can  contribute  to  the  probability  for  indirect  excitation  of  the 
prosthetic  group,  the  actual  energy  migration  being  less  probable,  the  greater  the 
distance  through  which  it  must  occur. 
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electron  from  one  part  of  the  molecule  to  another  (as  in  the  ferro-ferric 
transformation).  Thus,  certain  complexes  of  hemin  and  muscle  protein 
form  addition  compounds  with  CO;  these  are  dissociated  and  the  CO 
released  not  only  by  light  absorption  in  the  hemin,  but  also  by  light 
absorption  in  the  ultraviolet  absorption  band  of  the  protein  (Kubowitz 
and  Haas,  1933),  which  should  be  interpreted  as  energy  migration  by  a 
mechanism  of  the  sensitized  fluorescence  type  (Franck  and  Livingston, 
1949).  The  actual  mechanism  of  the  CO  release  seems  to  involve  an 
internal  conversion,  for  the  binding  of  CO  to  the  complex  is  of  such  a 
nature  that  the  molecule  is  only  weakly  coupled  to  the  hemin  and  direct 
dissociation  is  therefore  unlikely. 

Another  example  of  a  localized  action  is  the  mutation  of  a  single  gene 
by  ionizing  radiations.  According  to  a  commonly  held  view  the  mutation 
itself  may  be  interpreted  as  a  molecular  reorganization — a  sort  of  isom- 
erization — of  a  molecular  aggregate  which  can  be  considered  in  many 
respects  as  a  single  large  molecule.  Whether  or  not  this  view  is  correct, 
it  is  instructive  to  examine  the  elementary  processes  whereby  such 
a  reorganization  may  be  effected.  One  possible  means  is  the  simul- 
taneous excitation  by  the  penetrating  charged  particle  of  a  great  number 
of  oscillatory  degrees  of  freedom,  the  oscillation  energy  then  fluctuating 
between  various  modes  until  it  is  sufficiently  concentrated  in  one  or  sev- 
eral of  them  that  reorganization  to  the  appropriate  second  configuration  of 
the  molecule  can  occur.  This  is  extremely  unlikely,  however,  because  the 
probabilities  for  vibrational  excitation  are  simply  not  very  great  (Platz- 
man,  1952b).  It  is  common  that  interpretations  correlate  the  isomeriza- 
tion  with  an  excitation  or  ionization,  but  do  not  explain  properly  how 
energy  communicated  to  the  electronic  system  of  a  molecule  can  cause  the 
reorganization  of  its  atomic  positions  (cf.,  for  example,  Schrodinger,  1945, 
p.  66).  Internal  conversion  provides  the  answer,  and  suggests,  moreover, 
that  the  conversion  of  the  electronic  excitation  energy  into  "internal 
thermal "  energy  of  the  molecule  is  not  distributed  over  a  large  area,  but  is 
rather  concentrated  into  just  a  few  oscillatory  modes,  and  indeed,  that 
part  of  the  electronic  energy  goes  directly  into  the  potential  energy  which 
isomerization  requires.  It  seems  likely  that  many  different  modes  of 
internal  conversion  are  possible,  only  one  or  a  few  of  which  lead  to  the 
proper  isomerization  (and  the  others  to  lethal  effects,  or  no  effects  at  all). 
Thus  there  exists  a  certain  probability  that  excitation  causes  mutation 
(unimolecularly) ,  and  this  will  be  less  than  unity  and  may  be  very  much 
less. 

Nonlocalized  action  must  involve  a  mechanism  of  different  nature,  for 
here  a  more  delicate  alteration  at  many  points  of  a  large  area  occurs. 
As  examples  may  be  mentioned  the  denaturation  of  proteins,  and  very 
likely  the  breaking  of  chromosomes.  (There  will  clearly  be  many  cases 
that  are  compUcated  by  the  fact  that  both  locahzed  and  nonlocalized 
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action  can  cause  a  particular  effect.  Thus,  an  enzyme  might  be  destroyed 
either  by  denaturation  of  its  protein  component,  or  by  decomposition  of 
its  influential  prosthetic  group.)  In  the  following  paragraphs  a  proposed 
mechanism  (Franck  and  Platzman,  to  be  published)  for  the  denaturation 
of  proteins  effected  by  high-energy  radiation  is  outlined  briefly.  Whether 
or  not  it  should  prove  to  be  correct,  it  illustrates  a  type  of  analysis  which 
is  capable  of  explaining  nonlocalized  action.  And  above  all,  it  introduces 
a  factor  which  has  heretofore  been  grossly  neglected  in  considerations 
of  basic  mechanisms  in  radiobiology,  but  which  is  likely  to  be  of  cardi- 
nal importance,  namely,  the  time  dependence  of  electrical  forces  arising 
from  dielectric  dispersion. 

A  single  protein  is  an  intricate  complex  consisting  of  many  polypeptide 
threads  bonded  together  in  a  highly  ordered  structure  by  man}^  compar- 
atively weak  hydrogen  bonds.  These  bonds  have  dissociation  energies  of 
about  5  kcal  per  mole  (about  0.2  ev).  Denaturation  of  the  protein, 
according  to  Pauling,  is  the  result  of  breaking  enough  of  these  bonds  in 
one  area  that  much  of  the  order  is  destroyed ;  the  destruction  is  irreversible 
if  the  bonds  are  all  broken  at  about  the  same  time,  because  there  is  then 
negligible  probability  that  when  they  reform,  the  threads  will  arrange 
with  the  same  organization.  Although  the  dissociation  energy  of  any  one 
bond  is  sufficiently  small  that  it  will  often  be  broken  and  "healed"  again 
at  room  temperature,  there  are  so  many  of  them  available  to  maintain  the 
high  order  by  forcing  an  individual  healing  to  conform  to  that  order  that 
an  appreciable  number  must  be  broken  at  almost  the  same  place  and  time 
if  the  order  is  to  be  permanently  destroyed.  It  is  possible  in  this  way  to 
account  for  the  relatively  sharply  defined,  elevated  temperature  required 
for  thermal  inactivation. 

A  single  electronic  excitation  act  occurring  in  one  of  the  amino  acids  of 
the  protein  will  almost  immediately  be  followed  by  internal  conversion 
(amino  acids  are  nonfluorescent),  thus  activating  the  oscillations  in  the 
molecule  to  the  extent  of  about  10^  oscillational  quanta.  Since  only  two 
or  three  such  quanta  need  be  concentrated  in  a  single  degree  of  freedom  of 
a  hydrogen  bond  in  order  to  break  that  bond,  it  is  likely  that  as  the  oscil- 
lational quanta  are  dissipated  throughout  the  original  amino  acid  mol- 
ecule and  thence  to  others,  about  10  to  20  hydrogen  bonds  may  be  broken. 
(The  numerical  estimates  are  meant  to  suggest  orders  of  magnitude  only.) 

A  single  ionization  act  influences  the  bonding  in  quite  a  different  man- 
ner. As  mentioned  above,  most  of  the  energy  thereby  delivered  to  a 
polar  medium  is  dissipated  to  heat  almost  at  once.  The  positive  ion  will 
become  hydrated,  and  in  so  doing  will  cause  roughly  10  to  20  water  mol- 
ecules to  reorient  in  its  Coulomb  field  within  a  period  roughly  equal  to  the 
dielectric  relaxation  time,  which  is  approximately  equal  to  that  of  pure 
water,  10^^^  second.  [The  Coulomb  field  is  much  stronger  during  this 
period  than  is  that  about  an  electrolytic  (hydrated)  ion,  for  the  effective 
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dielectric  constant  is  not  the  static  one,  namely  about  80,  but  rather  an 
average,  during  the  time  interval  concerned,  of  the  "high-frequency" 
dielectric  constant;  this  average  value  will  be  about  3  to  5.]  In  simple 
terms,  the  newly  created  ion  functions  as  a  powerful  drying  agent.  This 
reorientation  of  the  water  molecules  will  cause  the  breaking  of  approxi- 
mately twenty  hydrogen  bonds. 

The  effect  of  penetration  of  the  protein  by  a  swiftly  moving  electron 
is  now  considered.  Many  calculations  in  the  literature,  based  on  the 
value  of  the  mean  energy  per  ion  pair  expended  by  high-energy  radiations 
in  ionizing  gases  (about  32  ev),  have  often  been  taken  to  indicate  that  a 
single  ionization  act  in  a  protein  can  cause  its  inactivation.  Because  the 
mean  energy  per  ion  pair  is  probably  about  the  same  in  a  protein  medium 
as  in  pure  water,  and  therefore  closer  to  one-half  the  above-mentioned 
value  (Sect.  4-4),  the  minimum  effective  action  is  very  likely  at  least  two 
ionizations,  and  with  these  there  will  always  be  associated  about  two  to 
four  excitations.  The  electron  liberated  in  the  ionization  act  will  also  be 
capable  of  damaging  the  structure.  If,  as  must  usually  be  the  case,  it  is 
captured  within  the  protein  to  form  a  negative  ion,  or  if  an  electron  from 
an  external  ionization  is  captured  within  the  protein,  the  hydration  of 
that  ion  will  contribute  another  twenty  or  so  bond  ruptures.  (Moreover, 
the  electron  itself  is  ejected  with  a  kinetic  energy  which  can  vary  within 
wide  limits  but  is  on  the  average  a  few  ev,  and  this  energy  will  be  trans- 
ferred to  atomic  vibrations  as  the  electron  penetrates  the  protein.  Fur- 
ther damage  may  be  caused  by  chemical  reactions  of  radicals  formed 
internally  in  the  protein  by  dissociation  of  the  aforementioned  ions. 
Even  the  effect  of  the  penetrating  particle  on  that  portion  of  the  environ- 
ment adjacent  to  the  protein  will  contribute,  for  H  and  OH  radicals 
formed  within  some  10  to  20  A  may  diffuse  to  the  protein  surface  and 
cause  further  disruption).  Thus,  a  minimum  of  10"  hydrogen  bonds  will 
be  broken  when  an  electron  traverses  a  protein,  and  in  most  traversals 
even  more  breakages  will  occvn*.  These  breakages  will  be  located  chiefly 
within  a  radius  of  approximately  10  A,  and  will  be  virtually  simultaneous 
in  time:  the  disturbances  will  overlap  to  such  an  extent  that  entire  folds 
will  be  unraveled,  and  will  be  unable  to  re-form  properly. 

It  is  obvious  that  the  damage  sustained  by  a  protein  from  penetration 
of  a  densely  ionizing  particle  like  an  a  particle  will  be  so  much  greater  than 
in  the  case  of  electron  penetration  that  inactivation  must  be  inevitable. 
Indeed,  a  simple  calculation  shows  that,  since  most  of  the  energy  trans- 
ferred from  the  a  particle  to  the  medium  is  immediately  dissipated  to 
heat  (for  excitations,  by  internal  conversion;  and  for  ionizations,  by 
hydration),  the  heating  effect,  even  with  due  allowance  for  heat  loss  to 
the  surroundings,  must  bring  the  column  about  the  a-particle  track  to  a 
transient  temperature  of  at  least  100°C,  and  that  this  must  persist  for  at 
least  10~"  second  and  possibly  much  longer.     The  destructive  effect  of 
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an  a  particle  must  indeed  be  so  intense  that  even  glancing  "hits"  may- 
be effective,  so  that  the  effective  target  area  would  be  somewhat  greater 
than  the  geometrical  cross  section  of  the  protein. 

REFERENCES 

Bacher,  R.  F.,  and  S.  Goudsmit  (1932)  Atomic  energy  states.  McGraw-Hill  Book 
Company,  Inc.,  New  York. 

Coolidge,  A.  S.,  H.  M.  James,  and  R.  D.  Present  (1936)  A  study  of  the  Franck- 
Condon  principle.     J.  Chem.  Phys.,  4:  193-211. 

Dainton,  F.  S.  (1948)  On  the  existence  of  free  atoms  and  radicals  in  water  and  aqueous 
solutions  subjected  to  ionizing  radiation.  J.  Phys.  &  Colloid  Chem.,  52: 
490-517. 

Eyring,  H.,  J.  O.  Hirschfelder,  and  H.  S.  Taylor  (1936)  The  ortho-para  hydrogen 
conversion  by  alpha-particles.     J.  Chem.  Phys.,  4:  479-491. 

Fano,  U.  (1946)  On  the  theory  of  ionization  yield  of  radiations  in  different  sub- 
stances.    Phys.  Rev.,  70:  44-52. 

Forster,  T.  (1951)  Fluoreszenz  organischer  Verbindungen.  Vandenhoeck  und 
Ruprecht,  Gottingen. 

Franck,  J.,  and  R.  Livingston  (1941)  Remarks  on  the  fluorescence,  phosphorescence, 
and  photochemistry  of  dyestuffs.     J.  Chem.  Phys.,  9:  184-190. 

and (1949)  Remarks  on  intra-  and  intermolecular  migration  of  excita- 
tion energy.     Revs.  Modern  Phys.,  21:  505-509. 

and   H.   Sponer    (1948)      Comparison  between  predissociation   and  internal 

conversion  in  polyatomic  molecules,   in  Contribution  a  I'etude  de  la  structure 
moleculaire.     Desoer,  Liege,  pp.  169-179. 

-,  and  E.  Teller  (1932)      Bemerkungen  iiber  Pradissoziationsspektren 


dreiatomiger  Molekiile.     Z.  physik.  Chem.,  B18:  88-101. 
Gerritsen,  A.  N.  (1948)      Ionization  by  alpha-particles  in  liquids  at  low  temperatures. 

Physica,  14:  381-406,  407-424. 
Herzberg,  G.  (1950)     Spectra  of  diatomic  molecules,  2d  ed.  D.  Van  Nostrand  Com- 
pany, Inc.,  New  York. 
Hippie,  J.  A.  (1948)     Spontaneous  dissociation  of  ions.     J.  Phys.  &  Colloid  Chem., 

52:  456-462. 
Kasha,  M.  (1950)     Characterization  of  electronic  transitions  in  complex  molecules. 

Di-scussions  Faraday  Soc.  (9):  14-19. 
Kubowitz,    F.,   and   E.    Haas    (1933)     tjber  das  Zerstorungsspektrum   der   Urease. 

Biochem.  Z.,  257:  337-343. 
Laidler,   K.  J.,   and  K.   E.   Shuler   (1951)     Elementary  reactions  in  the  gas  phase 

involving  excited  electronic  states.     Chem.  Revs.,  48:  153-224. 
Landolt-Bornstein    (1951)     Zahlenwerte    und    Funktionen,    6th    ed.     Verlag   Julius 

Springer,  Berlin,  I,  3,  pp.  78-358. 
Lea,   D.   E.    (1946)     Actions  of  radiations  on  living  cells.     Cambridge   University 

Press,  Cambridge. 
(1947a)     The  action  of  radiations  on  dilute  aqueous  solutions:  the  spatial 

distribution  of  H  and  OH.     Brit.  J.  Radiology,  Suppl.  1,  pp.  59-63. 

(1947b)     The   induction   of   chromosome   structural   changes   by   radiation: 


detailed  quantitative  interpretation.     Brit.  J.  Radiology,  Suppl.  1,  pp.  75-83. 

Magee,  J.  L.  (1951)  Theory  of  radiation  chemistry.  I.  Some  effects  of  variation  in 
ionization  density.     J.  Am.  Chem.  Soc,  73:  3270-3275. 

Massey,  H.  S.  W.  (1949)  Collisions  between  atoms  and  molecules  at  ordinary  tem- 
peratures.    Repts.  Progress  Phys.,  12:  248-269. 


PHYSICAL    PRINCIPLES    OF    CHEMICAL    REACTIONS  253 

(1952)     Recombination  of  gaseous  ions.     Advances  in  Phys.,  1:  395-426. 

and  E.  H.  S.  Burhop  (1952)     Electronic  and  ionic  impact  phenomena.     The 

Clarendon  Press,  Oxford. 

Moore,  C.  E.  (1949)  Atomic  energy  levels.  Government  Printing  Office,  Washing- 
ton, D.C.,  Vol.  I. 

(1952)     Atomic  energy  levels.     Government  Printing  Office,   Washington, 

D.C.,  Vol.  II. 

Norrish,  R.  G.  W.,  H.  G.  Crone,  and  O.  D.  Saltmarsh  (1934)  The  spectroscopy  and 
photochemical  decomposition  of  acetone.     J.  Chem.  Soc,  1456-1464. 

and   G.    Porter    (1949)      Chemical   reactions   produced   by   very   high   light 

intensities.     Nature,  164:  658. 

Noyes,  W.  A.,  Jr.,  and  P.  A.  Leighton  (1941)  The  photochemistry  of  gases.  Rein- 
hold  Publishing  Corporation,  New  York. 

Oldenberg,  O.      (1952)     Resonance  in  collision  processes.     Phys.  Rev.,  87:  786-789. 

Platzman,  R.  L.  (1952a)  On  the  primary  processes  in  radiation  chemistry  and 
biology,  in  Basic  aspects  of  radiation  effects  on  living  systems.  John  Wiley  & 
Sons,  Inc.,  New  York,  Chap.  7. 

(1952b)     Inffiiences  of  details  of  electronic  binding  on  penetration  phenomena, 

and  the  penetration  of  energetic  charged  particles  through  liquid  water,  in  Basic 
aspects  of  radiation  effects  on  living  systems.  John  Wiley  &  Sons,  Inc.,  New 
York,  Chap.  9. 

and  J.   Franck   (1952)     Theory  of  the  absorption  spectra  of  halide  ions  in 


solution.     L.    Farkas    Memorial    Volume,    ed.    A.    Farkas   and    E.    P.    Wigner. 

Special  Publication  No.  1,  Research  Council  of  Israel,  Jerusalem.     Pp.  21-36. 
Pringsheim,  P.  (1949)     Fluorescence  and  phosphorescence.     Interscience  Publishers, 

Inc.,  New  York. 
Rabinowitch,  E.  (1942)     Electron  transfer  spectra  and  their  photochemical  effects. 

Revs.  Modern  Phys.,  14:  112-131. 
(1951)     Photosynthesis.     Interscience  Publishers,  Inc.,  New  York,  Vol.  II, 

Part  1. 
Rollefson,  G.  K.,  and  M.  Burton  (1939)     Photochemistry.     Prentice-Hall,  Inc.,  New 

York. 
Schrodinger,  E.  (1945)     What  is  life?     Cambridge  University  Press,  Cambridge. 
Seitz,  F.   (1949)     On  the  disordering  of  solids  by  action  of  fast  massive  particles- 
Discussions  Faraday  Soc.  (5):  271-282. 
Sponer,  H.,  and  E.  Teller  (1941)     Electronic  spectra  of  polyatomic  molecules.     Revs. 

Modern  Phys.,  13:  75-170. 
Steacie,  E.  W.  R.  (1946)     Atomic  and  free  radical  reactions.     Reinhold  Publishing 

Corporation,  New  York. 
Teller,  E.  (1937)     The  crossing  of  potential  surfaces.     J.  Phys.  Chem.,  41:  109-116. 
Willey,   E.   J.   B.    (1937)      Collisions  of  the  second  kind.     Edward   Arnold   &   Co., 

London. 

Manuscript  received  by  the  editor  Feb.  28,  1952 


CHAPTER    4 

Basic  Radiation  Biochemistry 

Walter  M.  Dale 

Christie  Hospital  and  Holt  Radium  Institute,  Department  of  Biochemistry, 

Manchester,  England 

Introduction:  The  indirect  action  theory — Protection  effect  in  solutions  of  two  or  more 
solutes — Protection  effect  used  for  determining  reactivity  of  solutes  with  radicals — Speci- 
ficity of  the  reaction  of  radicals  with  one  solute  in  relation  to  its  structure — Deamination  by 
X  rays  of  amino  acids  and  related  nitrogenous  compounds — Liberation  of  hydrogen 
sidfide  from  cysteine  hydrochloride  and  from  reduced  glutathione.  Deviation  from  the 
basic  type  of  the  yield-concentration  relation.  Biochemical  effects  of  alpha  radiation 
compared  with  those  of  X  radiation.  Indirect  and  direct  action  theory:  Radiation  effects 
on  biological  systems — Possible  modifications  of  radiation  effects.  Concluding  remarks. 
References. 

INTRODUCTION 

The  purpose  of  this  chapter  on  basic  radiation  biochemistry  is  to  set  out 
the  aims  of  research  in  this  subject,  the  achievements  obtained  so  far,  the 
basic  ideas,  the  difficulties  to  be  overcome,  and  the  integration  of  results 
of  different  approaches  to  the  general  problem  of  radiation  effects.  No 
attempt  will  be  made  to  present  a  survey  of  the  work  of  all  investigators 
since  this  is  covered  in  other  chapters.  Wherever  necessary,  however, 
illustrating  examples  will  be  quoted  even  if  this  means  some  overlapping 
or  duplication. 

The  progress  and  achievements  of  the  biological  and  physiological 
sciences  during  the  last  century  amply  justify  the  hypothesis  that  the 
manifestations  of  life  as  observed  in  cells,  tissues,  organs,  and  organisms 
are  ultimately  to  be  conceived  in  terms  of  chemical  reactions,  though  we 
are  still  far  from  understanding  the  majority  of  these.  Since  this  chapter 
deals  with  the  basic  biochemistry  of  radiation  effect  it  must  be  borne  in 
mind  that  the  prefix  "bio"  drajvs  a  somewhat  artificial  line  of  distinction 
between  the  chemistry  as  we  know  it  from  laboratories  and  the  chemistry 
of  cells  and  cell  constituents  of  living  matter.  Such  a  distinctive  line  is, 
however,  not  merely  a  matter  of  convenience  but  has  a  real  significance. 
Not  only  are  some  constituents  of  cells  of  a  very  special  and  highly 
specific  chemical  composition,  often  unknown  in  their  final  details — e.g., 
enzymes,  antibodies,  and,  more  generally,  proteins — but  the  term  "bio- 
chemistry"  also   comprises   the   interaction   and   linkage   of   reactions 
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characteristic  of  living  matter.  The  peculiarity  of  biochemical  reactions 
is  further  caused  by  the  intricate  inhomogeneity  of  cell  structure,  with 
membranes,  colloids,  and  external  and  internal  surfaces  acting  as  barriers 
of  varying,  though  controlled,  permeability.  Physical  and  physico- 
chemical  phenomena  are  closely  interwoven  with  purely  chemical 
reactions. 

This  manifold  integrated  structure  makes  it  necessary  to  investigate 
biochemical  radiation  effects  on  the  broadest  basis  possible  and,  in  fact, 
we  can  discern  three  different  lines  of  approach: 

1.  The  apparently  simple  but  in  fact  very  difficult  research  on  pure 
water  itself. 

2.  The  investigations  on  substances  in  aqueous  solutions. 

3.  The  investigations  on  cells,  tissues,  and  uni-  and  multicellular 
organisms,  e.g.,  yeast  cells,  bacteria,  viruses,  and  plant  roots. 

The  results  of  experiments  which  attack  the  problem  from  such  different 
angles  are  sometimes  contradictory  and  demonstrate  that  experience 
with  an  isolated  system  does  not  always  apply  when  the  same  material 
forms  part  of  a  more  complete  whole. 

After  a  brief  discussion  of  the  chemical  action  of  radiation  on  water,  we 
shall  discuss  some  effects  on  aqueous  solutions  and  then  pass  on  to  more 
complex  systems.  The  radiation  chemistry  of  water  is  still  in  its  infancy. 
Water,  one  of  the  simplest  constituents  of  living  matter,  occurs  in  living 
matter  in  the  highest  proportion  and  is  of  great  functional  importance  as 
a  solvent,  as  will  be  seen  in  the  discussion  of  radiosensitivity.  It  is 
sufficient  for  the  purpose  of  this  general  article  to  state  that  the  primary 
radiochemical  action  in  water  irradiated  with  ionizing  radiations  is 
believed  to  consist  in  splitting  the  water  molecule  into  H  atoms  and  OH 
radicals  via  ionization  and  excitation  of  water  molecules.  These  two 
uncharged  entities  are  chemically  very  reactive  and  can  act  as  oxidizing 
and  reducing  agents  as  well  as  being  able  to  break  C — C  bonds.  It  is 
worth  stressing  that  oxidizing  power  is  not  confined  to  the  OH  radicals, 
since  H  atoms  can  bring  about  oxidation  by  dehydrogenation,  while 
Evans  and  Uri  (1950)  and  Haissinsky,  Lefort,  and  Le  Bail  (1951) 
have  pointed  out  that  OH  radicals  can  also  be  the  agent  of  reduction. 
Although  H  atoms  and  OH  radicals  are  believed  to  be  the  primary 
products  of  the  interaction  of  radiation  with  water,  secondary  products 
such  as  hydrogen  peroxide  and  HO2,  resulting  from  the  interaction 
between  radicals,  may  be  of  considerable  importance.  Further,  the 
interaction  of  dissolved  oxygen  with  H  atoms  will  lead  to  the  reactive 
radical  HO2  which,  by  dismutation  according  to  the  equation 

2HO2  =  H2O2  +  O2 
could  increase  hydrogen  peroxide  formation.     The  complete  picture  of  all 
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these  processes,  their  respective  HkeHhoods,  and  their  equilibrium  states 
are  treated  by  Barron  in  Chap.  5. 

This  short  discussion  of  the  radical  theory  forms  the  basis  for  an  under- 
standing of  the  reactions  occurring  in  aqueous  solutions.  The  modern 
theory  of  radicals  is  a  relatively  recent  development.  In  order  to  put  it 
into  its  proper  perspective,  a  short  review  of  this  development  seems 
expedient. 

The  most  conspicuous  feature  of  "ionizing  radiations" — as  indicated 
by  their  name — is  the  fact  that  these  radiations  ionize  matter  through 
which  they  pass.  Since  the  outer  electron  shell  of  atoms  determines  the 
chemical  properties  of  these  atoms  and  of  the  molecules  they  constitute, 
the  disturbance  of  electrons  can  result  in  a  subsequent  rearrangement  in 
the  molecule  concerned,  i.e.,  in  chemical  change.  Up  to  twenty  years 
ago  the  study  of  ionization  was  carried  out  mainly  on  gaseous  systems 
because  it  is  easier  and  more  precise  to  measure  the  radiation  effects  in 
the  gas  phase  than  in  solution.  Such  experiments  were  therefore  in  the 
majority.  In  the  gaseous  state,  however,  there  is  no  solvent,  and  the 
changes  observed  are  caused  by  direct  transfer  of  radiation  energy  to  the 
gas  molecules  themselves.  Gradually  research  turned  to  solutions,  but 
investigators  conditioned  by  the  observations  on  gaseous  systems 
neglected  the  fact  that  a  solution  consists  of  a  solvent  as  well  as  a  solute 
and  thereby  also  neglected  the  possibility'  that  the  primary  events  occur- 
ring in  the  solvent  could  have  consequences  for  the  solute.  Thus  in 
experiments  on  solutions  attention  was  focused  on  the  direct  ionization 
of  the  solute  molecules  only,  these  being  conceived  of  as  the  target  of  the 
ionizing  particles. 

Mention  of  the  formation  of  atomic  hydrogen  and  OH  radicals  was 
probably  first  made  in  a  paper  by  Risse  (1929)  on  the  effect  of  radiation 
on  water.  After  that  the  radical  theory  remained  in  a  more  or  less  latent 
state,  but  the  extensive  work  of  Fricke  and  his  school  (1929  to  1938)  on 
aqueous  solutions  of  inorganic  and  simple  organic  compounds  and  the 
work  of  Dale  (1940,  1942,  1943)  on  enzymes  and  other  biologically  active 
substances  clearly  established  that  the  action  of  radiation  on  the  solvent — - 
water — had  an  effect  on  the  solute.  Fricke  called  this  particular  agent 
of  the  radiation  effect  "activated  water."  The  further  development  of 
the  idea  that  "activated  water"  could  be  identical  with  H  atoms  and 
OH  radicals,  formed  by  radiation,  is  due  to  Weiss  (1944).  Both  Weiss 
and  Dainton  have  provided  experimental  proof,  in  certain  cases,  that 
these  entities  take  part  in  radiation  chemical  reactions  [e.g.,  hydroxyla- 
tion  of  benzene  (Stein  and  Weiss,  1949);  polymerization  of  acrylonitrile 
(Dainton,  1947)]. 

These  developments  have  established  the  "indirect  action"  theory  of 
ionizing  radiations  based  on  the  formation  of  an  intermediate  agent 
(activated  water,  OH  radicals,  and  H  atoms)  which  in  turn  acts  on  the 
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solute.  Thus  the  original  concept  of  the  action  of  ionizing  radiations — 
direct  dissipation  of  energy  within  a  molecule  (caused  by  collision  of  an 
ionizing  particle  with  the  molecule),  i.e.,  the  ''target  theory" — was  sup- 
plemented by  the  "indirect  action"  theory. 

THE  INDIRECT  ACTION  THEORY 

The  indirect  action  of  radiation  on  aqueous  solutions  will  be  discussed 
in  some  greater  detail,  starting  with  two  typical  examples. 

If  a  solution  of  ferrous  sulfate  is  irradiated  (Fricke  and  Morse,  1929)  an 
oxidation  of  the  ferrous  sulfate  to  ferric  sulfate  occurs.     From  Fig.  4-1  it 
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Fig.  4-1.  The  action  of  different  doses  of  X  rays  on  0.00878  M  ferrous  sulfate  in 
0.8  N  sulfuric  acid.  {Fricke  and  Morse,  1929.  Reproduced  by  pertnission  of  the 
authors.) 


0 


0,000    12,000 


2000    4000     6000     8000 
DOSE,   r 
Fig.  4-2.   Exponential  relation  between  degree  of  inactivation  and  X-ray  dose  for 
carboxypeptidase   (C.P.)  solutions.      {Dale,    1940.     Reproduced  by  permission  of  the 
editors  of  the  Biochemical  Journal.) 

can  be  seen  that  the  unchanged  fraction  of  the  initial  concentration  of 
ferrous  sulfate  is  a  linear  function  of  the  X-ray  dose.  This  is  a  case  of  the 
simple  oxidation  of  a  solution  of  an  inorganic  substance.  If  instead  of  an 
inorganic  solute  the  chemical  change  of  an  organic  compound  is  investi- 
gated, the  unchanged  fraction  of  the  initial  concentration  is,  in  general, 
an  exponential  function  of  the  X-ray  dose.  This  can  be  seen  from  Fig. 
4-2  in  which  the  activity  of  the  crystalline  enzyme  carboxypeptidase  is 
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plotted  against  the  X-ray  dose  (Dale,  1940;  Dale,  Meredith,  and  Tweedie, 
1943).  In  this  case,  as  with  many  other  biologically  active  compounds, 
e.g.,  viruses  or  drugs,  the  chemical  change  is  unknown.     What  is  actually 

corded  is  the  loss  of  activity,  infectivity,  etc.« 

Analysis  of  the  results  of  experiments  with  solutions  of  several  solutes 
suggests  that  the  exponential  relation  between  X-ray  dose  and  activity  of 
the  enzyme,  which  when  considered  on  its  own  could  be  due  to  a  direct 
radiation  effect,  should  be  explained  by  assuming  the  interference  of 
already  inactivated  enzyme  molecules  which  are  still  capable  of  reacting 
with  radicals  (Dale,  Meredith,  and  Tweedie,  1943).  This  reaction,  how- 
ever, is  not  detected  by  activity  measurements  and  becomes  apparent 
only  by  a  reduction  in  the  number  of  radicals  available  for  reaction  with 
the  still  active  enzyme  molecules,  a  phenomenon  which  will  be  discussed 
in  greater  detail  in  the  next  section  on  solutions  with  several  solutes 
(protection  effect).  In  fact,  however,  the  exponential  relation  found  for 
any  one  concentration  of  an  organic  solute  does  not  alter  the  basic  propor- 
tionality between  X-ray  dose  and  effect,  as  can  be  demonstrated  by 
examining  the  radiation  effect  on  solutions  differing  in  their  initial 
concentrations.  Only  experiments  of  this  kind  can  prove  that  the  action 
of  radiation  on  dilute  aciueous  solutions  is  indirect.  If  different  initial 
concentrations  are  used  in  our  two  examples  of  an  inorganic  and  an 
organic  solute,  it  is  found  as  the  characteristic  feature  that  the  number  of 
solute  molecules  changed  for  a  given  dose  of  X  radiation,  i.e.,  the  ionic 
yield,  ^  is  independent  of  initial  concentration  over  a  wide  range.  It 
follows  that  the  'percentage  change  for  a  given  X-ray  dose  is  higher,  the 
more  dilute  the  initial  concentration;  and,  vice  versa,  that  the  X-ray  dose 
which  produces  a  given  percentage  change  increases  with  increasing  initial 
concentration.  Consequently,  when  a  dilute  solution  of  the  enzyme  is 
irradiated  by  an  X-ray  dose  which  is  sufficient  to  inactivate  the  greater 
part  of  the  enzyme,  a  concentrated  solution  would  seem  practically 
unchanged  when  irradiated  by  the  same  X-ray  dose.  This  phenomenon 
is  generally  known  as  the  "dilution  effect"  (Dale,  1943).     If  the  radia- 

'  The  use  of  the  term  "ionic  yield"  is  subject  to  a  certain  amount  of  controversy. 
Ionic  yield  is  defined  as  M/N,  where  M  is  the  number  of  molecules  changed  and  N  is 
the  number  of  ion  pairs  formed.  Those  who  advocate  the  use  of  this  term  point  to 
the  easily  measurable  and  reproducible  number  of  ionizations  in  gases,  which  is  the 
firm  basis  of  physical  measurement  of  X-ray  dosage  in  roentgens.  Those,  however, 
who  recommend  that  the  word  "ion"  should  disappear  from  the  definition  wish  to 
stress  that  ionization  is  not  the  only  mode  of  action  of  ionizing  radiations  and  fear 
that  the  mention  of  ions  diverts  attention  from  excitation  of  molecules,  which  can 
also  lead  to  chemical  change.  The  American  usage  of  G  as  the  energy  represented  by 
100  ev  is  noncommittal  in  this  respect,  but  the  absorption  of  energy  is  less  easily 
measured  accurately.  The  uncertainty  of  how  many  primary  events  lead  to  chemical 
action  in  solution  is  not  removed  by  either  notation,  and  the  use  of  M/N  or  of  G  only 
involves  a  factor  subject  to  the  same  uncertainty.  This  author  uses  the  definition 
M/N. 
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tion  acted  directly  on  the  solute  molecules  without  an  intermediary  agent 
(radicals),  the  proportion  of  solute  molecules  changed  chemically  would 
remain  constant,  i.e.,  independent  of  the  initial  concentration. 

In  cases  in  which  the  experimental  method  is  sensitive  enough  to  record 
changes  at  extremely  low  concentrations  of  solute,  it  has  been  noticed 
(Fig.  4-3),  for  enzymes  (Dale,  Davies,  and  Meredith,  1949)  and  viruses, 


to 
o 

Q 

o 

I-  r^ 

<    U, 
>    O 

O    it- 

5  '-^ 


o 

(£ 
o 

UJ 
CL 
ID 


25 


20 


15 


0 


10' 


10*^ 


10^  10^         10"  10^ 

CONCENTRATION,  ^g/ml 

Fig.  4-3.  Relation  between  reciprocal  of  the  ionic  yield  and  concentration  for  car- 
boxypeptidase  (C.P.).  {Dale,  Davies,  and  Meredith,  1949.  Reproduced  by  permission 
of  the  editors  of  the  British  Journal  of  Cancer.) 

that  below  a  certain  low  concentration  the  radiation  becomes  less  and  less 
efficient  the  more  the  solution  is  diluted.  At  these  high  dilutions  the 
separation  of  the  solute  molecules  is  so  great  that  radicals  have  a  better 
chance  of  colliding  with  each  other,  and  thus  of  recombining,  than  of  col- 
liding and  reacting  with  solute  molecules.  An  alternative  explanation, 
however,  would  be  the  presence  of  minute  traces  of  impurities  in  the  solu- 
tion, which  probably  no  experimental  procedure  can  entirely  remove. 
These  impurities  would  act  as  an  additional  solute  which  would  be  in 
reactive  competition  with  the  enzyme  for  radicals,  thus  reducing  the 
effect  on  the  enzyme  molecules.  This  competition  will  be  the  more  effec- 
tive the  lower  the  concentration  of  the  original  solute  relative  to  the  con- 
stant amount  of  impurity.  The  latter  explanation  leads  on  to  and  is 
actually  part  of  what  is  known  as  the  "protection  effect"  in  solutions  of 
two  or  more  solutes. 


PROTECTION  EFFECTS  IN  SOLUTIONS  OF  TWO  OR  MORE  SOLUTES 

Two  or  more  solutes  in  one  solution,  all  assumed  to  be  capable  of  react- 
ing with  radicals,  share  the  total  of  radicals  available;  in  other  words,  they 
compete  for  radicals.  There  are,  therefore,  fewer  radicals  left  for  reaction 
with  any  one  solute  than  there  would  be  if  this  solute  were  present  alone. 
As  a  result  the  radiation  effect  on  each  of  them,  singly,  is  reduced,  i.e.,  the 
solutes  appear  to  "protect"  each  other  (Dale,  1942).  This  protection 
will  vary  not  only  in  proportion  to  their  relative  amounts  but  also  accord- 
ing to  their  respective  capabilities  to  act  as  acceptors.     The  exponential 
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relation  between  chemical  change  of  an  organic  substance  (e.g.,  car- 
boxypeptidase,  Fig.  4-2)  and  X-ray  dose,  which  was  explained  by  the 
protection  effect,  is  only  a  special  case  of  two  solutes  in  solution,  although 
before  the  irradiation  starts  only  one  type,  active  molecules,  is  present. 
By  the  action  of  radiation,  originally  active  molecules  lose  their  activity 
and  become  a  second  kind  of  solute,  inactive  molecules.  This  second  kind 
of  solute  is  still  competing  for  radicals,  but  the  reaction  is  not  measured 
since  the  criterion  of  the  radiation  effect  is  enzymatic  activity. 

In  order  to  illustrate  the  protection  effect  we  shall  describe  a  particular 
experiment  (Dale,  1942).  In  this  experiment  the  activity  of  the  enzyme 
D-amino  acid  oxidase  is  measured  in  the  absence  and  in  the  presence  of  a 
protective  substance  (Table  4-1).  The  active  enzyme  consists  of  a  pros- 
thetic group,  alloxazinadeninedinucleotide  (D),  and  a  specific  protein 
(P),  neither  of  these  alone  being  enzymatically  active.  When  this 
enzyme  (D  +  P)  acts  on  its  substrate  alanine  (A),  the  oxidation  of 
alanine  which  ensues  is  measured  manometrically  by  the  uptake  of  oxygen 
over  a  convenient  period,  usually  of  the  order  of  10  min.  Thus  the  oxy- 
gen uptake  of  the  total  system  P  +  D  +  A  represents  the  initial  activity 
of  the  enzyme.  If  we  now  irradiate  a  solution  of  D  alone  and  also  solu- 
tions of  D  of  the  same  concentration  to  which  different  concentrations  of 
a  protective  organic  substance  have  been  added^in  this  case  the  dipep- 
tide  leucylglycine  (L)  which  cannot  be  oxidized  by  the  enzyme — it  will  be 
seen  that  the  oxygen  uptake  decreases  with  decreasing  concentrations  of 
L  to  the  value  of  D  irradiated  alone.  This  experiment  also  demonstrates 
that  the  prosthetic  group  which  is  not  an  enzyme  can  be  affected  by 
radiation. 


Table    4-1.  Inactivation    of  Alloxazinadeninedinucleotide  by  4000  r  of  X 

Radiation  in  Presence  and  Absence  of  Leucylglycine  as  Protector 

{Reproduced  by  perynission  of  the  editors  of  the  Biochemical  Journal.) 


Volume  of 

Manometer 

Contents 

O2  in  first  10  min, 

Ml 

1 

D  +P  +  A 

28.6 

2 

(D  +  10-^  mole  of  L)*  +  P  +  A 

27.1 

3 

(D  +  10-6  mole  of  L)*  +  P  +  A 

19.3 

4 

(D  +  10-7  mole  of  L)*  -h  P  +  A 

12.8 

5 

(D  +  10-8  mole  of  L)*  +  P  +  A 

10.0 

6 

(D)*  +P  +A 

10.7 

*  The  asterisk  denotes  irradiation  of  contents  included  in  the  parentheses. 

With  the  dilution  and  protection  effect  as  the  characteristic  features  of 
the  indirect  action  of  radiation,  it  is  easily  seen  why  irradiation  experi- 
ments on  biologically  active  substances  carried  out  up  to  ten  years  ago 
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gave  a  distorted  view  of  their  real  radiosensitivity.  Enzymes,  which  are 
one  important  group  of  substances,  were  claimed  to  be  too  radioresistant 
to  account  for  any  effects  of  radiation  since  enormous  doses  were  needed 
to  cause  any  effect  (Scott,  1937).  As  long  as  such  experiments  were  con- 
ducted with  impure  extracts  from  tissues  (in  unawareness  of  the  protec- 
tion effect),  and  with  too  concentrated  solutions  (in  unawareness  of  the 
dilution  effect),  the  true  radiosensitivity  of  enzymes  was  masked.  The 
use  of  crystalline  enzymes  (Dale,  1940,  1942;  Forssberg,  1946,  1947; 
Barron  and  Dickman,  1949;  Barron,  Dickman,  et  al.,  1949)  showed  that 
quite  small  X-ray  doses  of  the  order  of  a  few  hundred  roentgens  could, 
under  suitable  conditions,  suffice  to  inactivate  them  to  a  great  extent. 
Such  experiments  paved  the  way  for  further  progress.  In  1943  this 
author  stated  that  "It  would  appear  that  any  biological  substances 
sufficiently  active  in  high  dilutions,  as,  for  instance,  toxins,  antitoxins, 
hormones,  vitamins,  etc.,  can  take  the  place  of  an  enzyme  for  indicating 
radiation  effects,  though  the  suitability  of  enzymes  due  to  their  nature  as 
catalysts  can  hardly  be  equaled."  The  validity  of  the  dilution  and  pro- 
tection effects  has  been  confirmed  by  many  investigators  on  widely 
differing  materials,  e.g.,  bacteria,  sperm,  spores,  hormones,  and  drugs. 

Particular  examples  are  the  work  on  bacteriophage  (Luria  and  Exner, 
1941)  and  on  viruses  (Lea  et  al.,  1944). 

PROTECTION  EFFECT  USED  FOR  DETERMINING  REACTIVITY  OF 

SOLUTES  WITH  RADICALS 

The  protection  effect  is  more  than  an  interesting  phenomenon;  it  is  of 
practical  importance  since  it  can  be  used  to  assess  quantitatively  the  pro- 
tective power,  i.e.,  the  relative  ability  of  various  solutes  to  react  with 
radicals.  In  such  experiments  one  solute  is  employed  as  the  indicator 
and  substance  of  reference,  and  any  protective  substance  to  be  compared 
is  added  in  suitable  amounts  as  the  second  solute. 

Fricke,  Hart,  and  Smith  (1938)  have  studied  the  protective  efTect  occur- 
ring in  mixtures  of  various  simple  organic  compounds  and  Dale  (1942, 
1947)  and  Dale,  Davies,  and  Meredith  (1949)  have  developed  this  aspect 
further,  using  enzymes  as  particularly  suitable  indicators  for  a  quantita- 
tive analysis.  It  has  been  found  convenient  to  express  the  protective 
power  of  a  given  substance  as 

^  Dp+e  -  De  ^  weight  of  e 
De  weight  of  p 

where  Dp+e  and  De  are,  respectively,  the  doses  required  to  produce  the 
same  degree  of  inactivation  of  the  indicator  E  (usually  to  37  per  cent)  in 
the  presence  and  absence  of  the  protector  P.  Q  is  thus  the  ratio  of  the 
dose  received  by  the  protector  to  that  received  by  the  indicator  per  unit 
weight  of  each. 
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Lea  (1946)  has  developed  theoretical  formulas  for  this  protection  taking 
into  account  the  collision  frequency  of  radicals  in  relation  to  the  molecular 
size  of  solute  molecules.  Dale,  Da  vies,  and  Meredith  (1949)  have  mod- 
ified these  formulas,  since  their  results  show  that  in  certain  cases  the  pro- 
tective power  per  unit  mass  of  protector  (Q)  decreases  with  increasing 
amounts  of  protector  (see  Fig.  4-4),  whereas  the  simple  concept  of  sharing 
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CONCENTRATION, /ig/ml 

-«- -o-  DIMETHYLUREA,    WITH  C.P.,    30  ;ig/ml 

° =    GLUCOSE,  WITH    C.P.,    30;ig/ml 

^ ^  GLUCOSE,  WITH  C.P.,    90  /ig/ml 

Fig.  4-4.  Relation  between  protective  power,  Q,  and  concentration  of  protector  with 
carboxypeptidase  (C.P.)  as  the  indicator.  Curves  are  theoretical  and  points  experi- 
mental. (Dale,  Davies,  and  Meredith,  1949.  Reproduced  by  permission  of  the  editors 
of  the  British  Journal  of  Cancer.) 

of  radicals  predicts  a  constant  value  for  Q.  The  new  formulas  assume 
that  a  protector  molecule  is  able  to  hand  on  energy  to  an  indicator  mol- 
ecule.    This  may  be  in  the  form  of  energy  of  excitation.     Alternatively, 

Table  4-2.  Protective  Power  per  ^Molecule  Q  of  Various  Protectors  with 

Carboxypeptidase  (C.P.)  and  Alloxazinadeninedinucleotide  (D)  as  Indicators 

(Reproduced  by  permission  of  the  editors  of  the  British  Journal  of  Cancer.) 


Protector 

Molecular 
weight 

Q  with  C.P. 

Q  with  D 

Thiourea 

Sodium  formate 

Dimethylthiourea 

76 

68 
104 
180 

88 

~40.000 

142 

152 

134 

60 

4.7 
3.1 
1.9 
0.79 
0.4 
0.24 
2.1  X  10-2 

2.4  X  10-2 
2.0  X  10-3 

7.5  X  10-^ 

2.1 
0.74 

Glucose 

Dimethylurea 

Egg  albumin 

Alloxan 

Sodium  mesoxalate 

Sodium  oxalate 

Urea 

0.21 
0.21 
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a  new  radical  may  be  formed  from  a  protector  molecule,  which  can  react 
with  the  indicator,  thereby  initiating  a  chain  reaction.  It  suffices  here  to 
quote  a  table,  comparing  the  protective  powers  of  various  compounds 
relative  to  carboxypeptidase  (C.P.)  and  alloxazinadeninedinucleotide  (D) 
(Table  4-2).  It  can  be  seen  that  the  protective  powers  can  differ  by  a 
factor  as  large  as  10,000.  On  the  other  hand,  certain  inorganic  salts,  e.g., 
NaCl,  are  so  inert  that  no  protective  effect  can  be  detected. 
From  Table  4-2  it  can  be  seen  that  urea 

NH2 

/ 
C=0 

\ 
NHo 

has  hardly  any  protective  effect,  whereas  thiourea 

NH2 

/ 

C=S 

\ 
NH2 

is  the  most  powerful  protector  so  far  found.  Thus  the  simple  substitution 
of  the  oxygen  atom  in  urea  by  sulfur  raises  the  protective  power  10,000- 
fold.  Other  sulfur-containing  substances,  e.g.,  thiosulfate  and  elemental 
sulfur  itself,  are  also  highly  protective.     Similarly  the  change  from  oxalic 

COOH 
acid     I  ,  to  formic  acid,  HCOOH,  increases  the  protective  power 

COOH 
considerably.     The  carboxyHc  group  and  the  C — C  bond  in  oxalic  acid 
are  apparently  more  resistant  to  attack  by  radicals  than  is  the  Hnkage  of 
an  H  atom  to  the  carboxylic  group  in  formic  acid. 

It  is  perhaps  not  surprising  that  the  specificity  which  is  so  marked  in 
small  molecules,  where  a  special  group  of  atoms  forms  a  large  part  of  the 
total  molecule,  is  not  displayed  in  big  molecules,  e.g.,  in  proteins,  because 
their  uniform  average  structure  outweighs  the  effect  of  a  few  special 
groups. 

The  value  of  these  experiments  is  more  than  of  purely  theoretical  inter- 
est since  they  have  given  an  insight  into  the  marked  specificity  of  the 
radiation  effect  in  relation  to  the  chemical  structure  of  the  compound. 
This  may  have  practical  applications.  Encouraging  results  have  been 
obtained  in  experiments  in  which  the  mean  lethal  X-ray  dose  for  mice  or 
rats  was  raised  on  injecting  glutathione  (Chapman  et  al.,  1949)  and 
cysteine  (Patt  et  al,  1949)  immediately  before  irradiation.  Similar 
results  were  obtained  with  thiourea  and  sodium  ethane  diphosphonate 
(Mole,  Philpot,  and  Hodges,  1950).     Such  experiments  can  be  successful 
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only  if  the  substance  injected  is  highly  protective  and  nontoxic.  In  addi- 
tion it  must  be  able  to  penetrate  unchanged  to  the  site  of  action,  wherever 
that  may  be. 

SPECIFICITY  OF  THE  REACTION  OF  RADICALS  WITH  ONE  SOLUTE  IN 

RELATION  TO  ITS  STRUCTURE 

We  have  seen  that  the  competition  between  two  solutes  can  be  used  to 
obtain  information  indirectly  as  to  how  the  specific  structure  of  a  solute 
molecule  affects  its  over-all  abiUty  to  react  with  radicals.  But  specificity 
can  be  shown  to  exist  for  the  reactivity  of  certain  atomic  groups  within 
one  molecule  in  respect  to  the  structure  of  the  remainder  of  this  molecule. 
Few  examples  have  so  far  been  studied.  One  is  the  reaction  of  the  sulf- 
hydryl  group  in  the  so-called  "SH  enzymes"  which  are  oxidized  by  radia- 
tion to  the  disulfide  form;  this  is  discussed  in  detail  in  the  chapter  by 
Barron.  Other  examples  are  the  deamination  of  amino  acids,  peptides, 
and  related  nitrogenous  compounds  (Dale  and  Davies,  1949;  Dale, 
Davies,  and  Gilbert,  1949a)  and  the  liberation  of  sulfuretted  hydrogen 
from  cysteine  and  reduced  glutathione  (Dale  and  Davies,  1951). 

DEAMINATION  BY  X  RAYS  OF  AMINO  ACIDS 
AND  RELATED  NITROGENOUS  COMPOUNDS 

The  characteristic  features  of  these  experiments  are  that  there  is  only 
one  solute  present  in  any  one  experiment  and  that  the  formation  of 
ammonia  is  directly  measured.  This  direct  method  makes  it  possible  to 
measure  the  reaction  when  only  a  few  parts  in  a  thousand  of  the  initial 
concentration  of  the  solute  has  changed,  in  contrast  to  the  two-solute 
system  with  an  enzyme  as  the  indicator;  there  the  reaction  is  measured 
in  terms  of  a  change  of  the  initial  concentration,  a  change  which  has  to 
become    fairly    large    in    order    to    yield    accurate    results. 

Table  4-3.  Ammonia  Yield  from  Amino  Acids  and  Other  Nitrogen-containing 
Compounds  in  0.13  M  Solution  after  Exposure  to  an  X-ray  Dose  of  166,000  r 
{Reproduced  by  permission  of  the  editors  of  the  Biochemical  Journal.) 
Nitrogen  compound  NH3,  Mg/ml  Nitrogen  compound         NH3,  /ug/ml 

Glycine 8.1  Glyoxaline 3.0 

Glycine-HCl  (1  equiv) 5.0  Glycylglycine 12.5 

Glycine-NaOH  (1  equiv) 8.0  Glycylglycine-HCl 3.8 

Arginine 7.5  Leucylglycine 6.6 

Alanine 7.2  Diglycylglycine 7.0 

jS- Alanine 4.3  Proline 0 

Histidine 11.8  Urea 0.2 

Histidine-HCl 10.6  Guanidine  carbonate 0 

Lysine-HCl 3.7  Thiourea 1.4 

Glycine  anhydride 1.3 

Typical  experimental  results  are  shown  in  Table  4-3,  where  it  will  be 
seen  that  the  a-amino  acids  glycine,  alanine,  and  arginine  are  deaminated 
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to  nearly  the  same  extent,  whereas  histidine  is  more  radiosensitive.  This 
larger  value  may  be  due  either  to  a  contribution  from  the  glyoxaline  part 
of  the  molecule,  since  glyoxaline  itself  yields  a  certain  amount  of  ammonia 
on  irradiation,  or  to  a  weakening  of  the  strength  of  the  C — N  bond  in  the 
a-amino  group  through  the  vicinity  of  the  glyoxaline,  or  to  both  these 

causes. 

If  the  amino  group  is  shifted  from  the  a  to  the  /3  position,  a  change  in 
radiosensitivity  occurs  as  is  shown  by  the  difference  between  a-alanine 
and  jS-alanine.  The  occurrence  of  two  imino  groups  in  the  combination 
of  two  glycine  molecules  in  ring  form  (glycine  anhydride), 

CH2— NH— CO 

1  1 

CO—  NH— CH2 

considerably  reduces  the  ammonia  yield,  and  similarly  the  peptide  linkage 
in  leucylglycine  and  diglycylglycine  does  not  contribute  to  deamination. 
On  the  other  hand,  glycylglycine  appears  to  be  an  exception,  yielding 
more  ammonia  than  glycine.  The  tendency  of  an  imino  group  to  offer 
resistance  to  attack  by  radicals  is  also  shown  in  proline, 

CH2 CH2 

CH2  CH— COOH 

\       / 
NH 

which  does  not  yield  any  ammonia.  The  amino  groups  combined  with 
carbon  dioxide  in  guanidine  carbonate, 

(NH2— C— NH2)2H2C03 

NH 

or  free  in  urea, 

NH2 

/ 
C=0 

\ 
NH, 

and  thiourea, 

NHo 

/ 
C=S 

\ 
NH2 

are  either  completely  inert  or  very  nearly  so. 

In  addition  to  being  influenced  by  structure,  the  ammonia  yield  is  also 
dependent  on  pH.  When  an  equivalent  amount  of  alkah  is  added  to 
glycine,  deamination  remains  at  the  normal  level,  but  an  equivalent 
amount   of  acid  added  to  glycine   or  to  the   dipeptide   glycylglycine 
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depresses  deamination.  This  effect  is  masked  in  the  case  of  histidine, 
where  the  hydrochloric  acid  combines  mainly  with  the  basic  group  of  the 
glyoxaline. 

The  extent  of  the  pH  dependence  of  these  reactions  is  still  not  firmly 
established,  partly  in  view  of  lack  of  agreement  in  experimental  results  of 
different  investigators  (Stein  and  Weiss,  1949;  Dale,  unpubhshed).  We 
shall  also  encounter  a  pH  dependence  in  the  case  of  the  liberation  of  H2S 
from  cysteine. 

LIBERATION  OF  HYDROGEN  SULFIDE 

FROM  CYSTEINE  HYDROCHLORIDE  AND 

FROM  REDUCED  GLUTATHIONE 

When  cysteine  hydrochloride  or  glutathione  in  its  reduced  form  is 
irradiated  by  X  rays,  liberation  of  H2S  is  observed,  and  the  dependence  of 
this  reaction  on  concentration  of  solute  and  on  pH  has  been  measured 
quantitatively  (Dale  and  Davies,  1951).  The  results  are  given  in  Figs. 
4-5  and  6,  and  the  yield-concentration  relation  is  discussed  in  the  follow- 


I        10       io2      10'      10"     10^      10" 

CONCENTRATION    OF   CYSTEINE  •  HCI. /ig/ml 

Fig.  4-5.  Yield-concentration  curve  for  H2S  production  from  aqueous  solutions  of 
cysteine  •  HCl;  X-ray  dose  =  33  X  10^  r;  pH  «  2.  {Dale  and  Davies,  1951.  Repro- 
duced by  permission  of  the  editors  of  the  Biochemical  Journal.) 
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Fig.  4-6.  Yield-pH  relation  for  H2S  production  from  aqueous  solutions  of  cysteine  •  HCl 
(5  X  10^  Mg/ml);  X-ray  dose  =  9.5  X  10^  r.  {Dale  and  Davies,  1951.  Reproduced 
by  permission  of  the  editors  of  the  Biochemical  Journal.) 
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ing  section.  No  H2S  is  given  off  by  the  oxidized  forms  of  either  com- 
pound, and  it  is  interesting  to  note  that  no  deamination  takes  place  in 
the  reduced  form. 

We  have  seen  in  the  foregoing  that  the  indirect  action  of  X  radiation 
can  be  markedly  specific,  and,  although  the  ionization  tracks,  and  there- 
fore the  radicals,  are  distributed  at  random,  their  action  has  not  the  same 
random  distribution  owing  to  the  selective  specificity  of  interaction 
between  radicals  and  solute  molecules.  Research  on  specificity  effects 
when  further  developed  and  extended  may  teach  us  which  type  of  reaction 
in  cells,  tissues,  and  organisms  is  most  likely  to  occur,  which  type  is  less 
likely,  and  which  type  will  not  occur  at  all.  It  will  further  show  what 
kind  of  reaction  products  may  be  produced.  These  reaction  products 
may  be  of  great  biological  significance,  especially  as  they  are  generated 
within  the  cell  and  are  therefore  not  limited  by  permeability  barriers. 
The  concentration  of  these  substances  may  be  high  locally  when  con- 
sidered on  a  submicroscopic  scale  of  dimensions. 

DEVIATION  FROM  THE  BASIC  TYPE  OF  THE 
YIELD-CONCENTRATION  RELATION 

The  inactivation  of  an  enzyme  and  the  oxidation  of  ferrous  ions  to 
ferric  ions  were  suitable  examples  from  which  the  indirect  action  of 
ionizing  radiations  could  be  deduced.  The  characteristic  feature,  how- 
ever, i.e.,  that  the  yield  is  independent  of  the  concentration  over  a  wide 
range  of  concentrations,  does  not  hold  invariably.  A  number  of  reac- 
tions have  become  known  in  which  the  yield  depends  very  much  on  the 
concentration  of  the  solute.  Examples  of  such  reactions  are  the  inactiva- 
tion of  trypsin  (Kaufmann,  McDonald,  et  al,  1950),  the  deamination  of 
glycine  (Dale  et  al,  1949a;  Stein  and  Weiss,  1949),  and  L-serine  (Dale  and 
Davies,  1950;  Stein  and  Weiss,  1949),  and  the  liberation  of  sulfuretted 
hydrogen  from  cysteine  hydrochloride  and  glutathione  (Dale  and  Davies, 

1951). 

The  yield-concentration  relation  for  glycine  and  L-serine  is  shown  in 
Fig.  4-7.  The  deamination  curve  of  glycine  rises  continuously  to  an 
ionic  yield  of  2.9  without  showing  a  tendency  of  reaching  a  constant  level, 
even  at  the  highest  concentration  possible,  i.e.,  its  hmit  of  solubility. 
This  is  in  contrast  with  the  constant  ionic  yield  of  0.18  of  carboxy- 
peptidase  down  to  very  much  lower  concentrations  (see  Fig.  4-3).  In 
the  latter  case  we  assumed  that  all  radicals  reacted  ^vith  enzyme  mole- 
cules, rather  than  with  themselves,  at  all  concentrations  above  0.1  per 

cent  protein. 

In  the  case  of  L-serine  (Avith  its  high  solubility  and  high  ionic  yield)  it 
has  been  shown  (Dale  and  Davies,  1950)  that  there  is  a  tendency  for  the 
vield-concentration  curve  to  level  off  at  high  concentrations  (see  Fig. 
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4-7).  The  explanation  of  the  difference  between  the  radiation  effect  on 
deamination  and  the  inactivation  of  an  enzyme  with  regard  to  the  respec- 
tive shape  of  the  curves,  as  well  as  to  the  ionic  yield,  may  involve  a  com- 
bination of  various  factors.  At  present  the  situation  is  not  clear  enough 
for  a  definite  answer  to  be  given,  though  a  discussion  of  these  factors  will 
still  be  useful. 

The  deamination  reaction  is  notable  for  an  ionic  yield  well  above 
unity  {M/N  is  2.9  for  a  20  per  cent  solution  of  glycine  and  approximately 
3  for  dry  glycine,  the  corresponding  figures  for  DL-serine  being  4.2  and 
approximately  8),  whereas  the  ionic  yield  for  carboxypeptidase  is  only 
0.18  and  for  trypsin  in  a  1  per  cent  solution  is  still  lower,  0.01.     In  the 
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Fig.  4-7.  Yield-concentration  curve  for  the  deamination  of  aqueous  solutions  of 
L-serine  and  glycine;  X-ray  dose  =  166  X  10^  r.  {Dale  and  Davies,  1950.  Repro- 
duced by  permission  of  the  editors  of  Nature.) 


latter  case  we  do  not  know  whether  the  ionic  yield  would  reach  constancy 
on  raising  the  concentration  beyond  a  1  per  cent  solution,  which  was  the 
highest  concentration  examined  by  McDonald.  Furthermore,  we  do  not 
know  how  much  of  the  yield  in  concentrated  solutions  has  to  be  ascribed 
to  the  direct  action  of  radiation  and  how  much  to  the  indirect  action,  since 
it  is  by  no  means  certain  (Krenz,  1949)  that  the  ionic  yield  for  direct  action 
is  the  same  for  a  substance  in  solution  as  it  is  for  the  dry  state — water 
of  hydration,  for  instance,  may  cause  a  difference.  Yet  to  assume  a 
direct-action  yield  for  the  dissolved  state  of  the  solute  equal  to  that  in 
its  dry  state  is  at  present  the  only  means  available  of  estimating  the 
magnitude  of  the  yield  to  be  allocated  to  the  indirect  action. 

Stating,  as  we  have  done,  that  the  maximum  ionic  yields  of  the  inac- 
tivation of  enzymes,  i.e.,  of  big  biologically  active  protein  molecules,  are 
much  lower  than  those  obtained  in  the  deamination  reactions,  implies 
that  collisions  of  active  radicals  with  solute  molecules  do  not  always  lead 
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to  the  specific  change  (loss  of  activity)  investigated.  It  may  rer|uire  a 
special  orientation  of  the  solute  molecule  and  of  the  radical  to  achieve 
inactivation,  so  that  any  collision  of  unsuitably  orientated  partners  may 
lead  to  elimination  of  the  radical  and  some  change  of  the  solute  molecule 
but  not  to  loss  of  its  activity,  or  to  no  reaction  at  all.  The  shape  of  the 
yield-concentration  curves  is,  therefore,  linked  with  the  fate  of  the 
radical.  Any  elimination  of  radicals  through  reaction  in  irrelevant 
regions  of  the  solute  molecule  will  favor  the  attainment  of  constancy  of 
the  ionic  yield,  down  to  low  concentrations  of  solute.  On  the  other 
hand  any  collision  of  radicals  with  solute  molecules  which  leaves  the  two 
partners  unchanged  will  favor  recombination  of  radicals.  This  finds  its 
expression  in  a  shift  of  the  attainment  of  a  constant  ionic  yield  to  ranges 
of  high  concentrations  of  solute.  It  should  be  noted  as  a  side  line  that 
the  orientation  principle  has  its  counterpart  in  another  mechanism  which 
may  occur  in  certain  limited  cases:  energy  transmitted  from  an  active 
radical  to  a  solute  molecule  may  migrate  through  the  whole  molecule, 
leading  to  chemical  change  at  a  distance  from  the  original  point  of  impact 
(Franck  and  Livingston,  1949). 

The  foregoing  considerations  may  be  relevant  to  the  difference  in  shape 
of  the  yield-concentration  curves,  but  they  do  not  explain  why  the  yield 
of  deamination  reaches  such  high  values.  Here  again  we  are  not  on  very 
firm  ground.  If  every  collision  of  an  active  radical  with  a  solute  molecule 
led  to  a  chemical  change  of  the  solute  molecule  which  was  registered  by 
the  method  of  analysis,  the  number  of  changed  solute  molecules  would 
equal  the  number  of  radicals  formed  and  this  would  be  a  simple  means  of 
deciding  how  many  radicals  can  be  formed  by  any  particular  dose  of 
radiation.  In  fact  the  situation  is  more  complicated  since  back  reactions 
and  chain  reactions  can  interfere. 

The  number  of  radical  pairs  which  can  be  formed  for  the  absorption  of 
an  energy  corresponding  to  the  production  of  one  ion  pair  (approximately 
32.5  ev)  is  not  exactly  known,  though  an  estimate  has  been  made  which 
puts  the  value  at  3  (Dainton,  1948;  Dainton  and  Miller,  1947;  Miller, 
1948).  This  includes  radicals  formed  by  excitation  and  charge  neutral- 
ization as  well  as  by  ionization  and  seems  to  be  the  limit  energetically 
possible.  Thus  an  ionic  yield  of  3  can  just  be  obtained  if  only  one  type 
of  radical  enters  into  reaction  and  of  6  if  two  types  enter ;  but  no  radicals 
must  be  lost  by  either  recombination  or  back  reactions. 

It  is  not  yet  clear  whether  H  atoms  as  well  as  OH  radicals  are  involved, 
although  there  is  one  report  to  this  effect  (Stein  and  Weiss,  1949). 
However,  a  yield  of  4.2  for  L-serine  would  be  unlikely  with  a  simple 
radical  mechanism  and  only  one  type  of  radical  reacting. 

Yields  of  this  magnitude  can  also  be  explained  in  terms  of  chain  reac- 
tions. Some  support  for  this  comes  from  other  experiments,  such  as  those 
described  in  the  section  on  protection  effect  where  it  was  suggested  that 
energy  could  be  handed  on  in  a  chain  reaction. 


BASIC    RADIATION   BIOCHEMISTRY  271 

BIOCHEMICAL  EFFECTS  OF  ALPHA  RADIATION 
COMPARED  WITH  THOSE  OF  X  RADIATION 

So  far  only  X-radiation  effects  have  been  considered.  It  is  of  special 
interest  to  compare  the  effect  of  radiations  differing  widely  in  the  density 
of  ionization  occurring  along  their  tracks.  There  are  only  a  few  papers 
dealing  with  this  question  in  isolated  systems,  in  contrast  with  a  much 
greater  number  of  investigations  on  the  effects  of  a  and  neutron  radiation 
on  biological  subjects  generally,  i.e.,  on  growth,  mitosis,  structural 
changes  in  cell  nuclei,  mutations,  etc.  A  full  treatment  of  this  aspect 
will  be  found  in  other  chapters  of  this  book. 

It  is  found  for  nearly  all  reactions  that  a  radiation  in  aqueous  solutions 
is  less  efficient  than  X  radiation  in  causing  chemical  change  and  especially 
so  for  organic  solutes.  Nurnberger  (1937)  has  examined  the  oxidation 
of  tyrosine  by  a  radiation  from  radon  and  found  the  very  low  ionic  yield 
of  0.003.  Even  the  small  effect  observed  could  have  been  due  to  /3  rays 
for  which  no  allowance  was  made  in  his  calculations.  Dale,  Gray,  and 
Meredith  (1949)  have  compared  the  efficiencies  of  a-  and  500-kv  X  radia- 
tion over  a  range  of  concentrations  of  the  enzyme  carboxypeptidase. 
Radon  was  the  source  of  the  a  particles,  and  special  attention  was  given 
to  the  effects  of  the  accompanying  /3  rays.  Again,  the  results  show  that 
a  radiation  is  very  much  less  efficient  than  X  radiation,  but  that  the  effi- 
ciency of  a  radiation  is  slightly  dependent  on  the  concentration  of  enzyme, 
increasing  fourfold  as  the  concentration  of  enzyme  is  raised  from  6  X  10"^ 
to  6  X  10~^  g/ml.  The  increase  in  efficiency  is  not  proportional  to 
concentration. 

The  explanation  for  this  difference  in  relative  efficiency  of  the  two  radia- 
tions is  thought  to  lie  in  their  very  different  ionization  densities,  a  rays 
producing  an  ion  density  100  times  greater  than  do  60-kev  electrons. 
(Secondary  electrons  produced  by  X  rays  generated  at  500  kv  have  an 
average  initial  energy  of  60  kev.)  Consequently  the  OH  radicals  will  be 
formed  in  very  close  proximity  along  the  a-ray  track,  forming  a  column 
within  which  rapid  interaction  between  radicals  occurs  with  the  formation 
of  some  hydrogen  peroxide  (Lea,  1946).  There  is,  therefore,  a  smaller 
chance  for  reaction  between  radicals  and  solute  molecules  than  in  the  case 
of  the  more  randomly  distributed  ionizations  of  60-kev  electrons.  Dale, 
Gray,  and  Meredith  were  inclined  to  attribute  most  of  the  low  a-ray  effect 
to  ionizations  caused  by  5  rays  which  ionize  at  a  density  much  nearer  that 
of'  the  60-kev  electrons  and  are  sufficiently  energetic  to  travel  clear  of  the 
column  and  its  surrounding  sheath  of  negative  ions. 

A  slightly  higher  ionic  yield  was  obtained  in  an  investigation  (Dale, 
Davies,  and  Gilbert,  1949b)  of  a-  and  X-ray  efficiency  in  deaminating  a 
1  per  cent  and  a  20  per  cent  solution  of  glycine  by  the  a  radiation  produced 
from  boron  in  a  neutron  flux.  The  ionic  yields  were  15.2  and  19.5  per 
cent,  respectively,  of  those  achieved  by  X  radiation. 
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INDIRECT  AND  DIRECT  ACTION  THEORY 

As  already  mentioned,  the  indirect  action  theory  supplements  the 
direct  action  or  target  theory.  The  indirect  action  theory  conceives  the 
whole  solution  as  the  target  (Dale,  Meredith,  and  Tweedie,  1943),  whereas 
the  direct  action  theory,  in  its  narrowest  sense,  confines  the  target  to  a 
particular  molecule  in  which  the  primary  event,  i.e.,  an  ionization,  has  to 
occur,  or  through  which  or  near  which  an  ionizing  particle  has  to  pass. 
While  there  is  no  doubt  that  both  modes  of  action  of  radiation  are  valid, 
the  indirect  action  theory  is  more  flexible  with  regard  to  the  proximity  of 
the  primary  event  to  the  molecule  affected.  Further,  unlike  the  target 
theory,  it  does  not  need  to  postulate  unit  ionic  yield,  i.e.,  one  molecule 
changed  per  ionization,  to  explain  the  exponential  curve.  In  fact,  ionic 
yields  exceeding  unity  can  occur  in  the  dry  state  of  matter  as  well  as  in 
solution.  The  size  of  the  biological  molecule  appears  to  have  no  relation- 
ship to  the  ionic  yield.  Viruses  have  an  ionic  yield  of  1,  and  the  much 
smaller  molecules  of  carboxypeptidase  in  a  15  per  cent  aqueous  suspen- 
sion, being  a  semisolid  column  of  crystals,  still  have  the  same  ionic  yield 
of  0.18  as  in  a  0.1  per  cent  solution.  On  the  other  hand,  still  smaller  mol- 
ecules, e.g.,  amino  acids,  both  in  solution  and  dry,  can  react  with  an  ionic 
yield  exceeding  unity. 

The  difference,  it  may  be  argued,  between  the  two  modes  of  action — 
direct  or  indirect — will  be  the  more  irrelevant  the  nearer  the  origin  of 
active  radicals  lies  to  the  molecule  or  structure  upon  which  they  act. 
According  to  this  view  the  two  theories  would  merge  at  some  point.  The 
distance  over  which  the  indirect  action  can  operate  (Allsopp,  1948; 
Moelwyn-Hughes,  1947)  can  be  left  undecided  until  more  information 
comes  to  hand. 

On  the  other  hand  it  will  be  well  to  keep  in  mind  that  the  actual  mech- 
anism, whether  it  is  ionization  or  reaction  with  radicals,  can  have  an 
important  bearing  on  the  explanation  of  the  biological  effect.  Radiation- 
induced  breakage  of  chromosomes,  for  instance,  is  a  biological  effect 
observed.  Merely  to  suggest  ionization  as  the  cause  does  not  lead  beyond 
the  fact  of  breakage.  The  picture  of  an  ionizing  particle,  traversing  a 
chromosome  and  leaving  in  its  track  a  break,  is  an  inducement  to  taking 
it  for  granted  that  a  break  occurs  just  at  that  point  where  the  particle 
crosses.  This  is  not  necessarily  so.  The  break  could  be  the  result  of 
release  of  stresses  in  long-chain  molecules  triggered  off  by  a  reaction  with 
radicals  somewhere  else.  To  consider  the  mechanism  in  terms  of  a  chem- 
ical reaction  between  radicals  and  constituents  of  chromosomes  may 
yield  information  on  the  chemical  architecture  of  the  chromosomes  them- 
selves. Progress  in  this  direction  together  with,  information  obtained 
from  the  action  of  other  chemical  agents,  e.g.,  the  nitrogen  mustards, 
which  also  cause  breakage  of  chromosomes  could  be  of  great  value. 
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RADIATION  EFFECTS  ON  BIOLOGICAL  SYSTEMS 

We  now  pass  on  from  the  discussion  of  radiation  effects  in  the  relatively 
simple  system  of  aqueous  solutions  to  those  in  more  complex  systems 
represented  by  cells,  tissues,  spores,  bacteria,  etc.  There  have  been  many 
investigations  of  radiation  effects  on  growth,  cell  division,  mitosis,  and 
genetic  changes.  In  all  probability,  some  radiation-induced  biochemical 
reaction  is  involved  in  these  cases.  But  to  attempt  an  explanation  of 
these  radiation  effects  on  a  biochemical  basis  would  be  futile  since  prac- 
tically nothing  is  known  of  the  normal  biochemistry  of  such  processes. 
This  narrows  the  discussion  down  to  those,  much  fewer,  cases  in  which 
definite  interference  of  a  biochemical  nature  can  be  shown. ^ 

The  important  role  which  water  plays  as  a  solvent  and  converter  of 
radiation  energy  to  active  chemical  agents  will  have  become  apparent  in 
the  preceding  sections.  The  question  now  arises  whether  and  to  what 
extent  it  can  play  its  part  in  living  matter.  Water  is  the  preponderant 
constituent,  in  tissues  and  cells,  amounting  to  80  per  cent  of  their  total 
weight  as  the  normal  average  and  rising  to  90  to  95  per  cent  in  young  tis- 
sues and  embryonic  cells.  The  internal  structure  of  cells  is  not  homo- 
geneous which  leads  to  an  uneven  distribution  of  water,  a  point  which 
cannot  be  overemphasized.  Apart  from  microscopically  discernible  den- 
ser structures,  e.g.,  the  cell  nucleus  and  granules  in  the  protoplasm,  the 
basic  matter  is  a  highly  hydrated  colloid  with  submicroscopic  channels 
between  the  micelles  as  pathways  for  transport  of  solution  and  diffusion 
of  solutes.  The  denser  structures  themselves  still  have  a  considerable 
water  content.  Thus  the  omnipresence  of  water  as  a  source  of  active 
chemical  agents  creates  the  conditions  in  which  reaction  with  solutes 
can  take  place  by  the  processes  outlined  previously. 

Biologically  active  substances  will  also  have  a  distribution  varying 
in  place  and  time,  though  our  knowledge  of  the  state  in  which  such  sub- 
stances are  present  is  very  limited.  There  are  certain  enzymes  for 
instance  which  are  firmly  linked  to  intracellular  structures  and  cannot 
be  detached  by  artificial  means,  whereas  other  enzymes  are  easily  extract- 
able.  The  picture  that  can  be  drawn  of  the  action  of  radiation  is  that 
enzymes  or  other  big  molecules  active  in  high  dilution  pass  from  their 
storing  place  through  the  water  channels  between  micelles  to  the  region 
where  their  presence  is  required,  and,  when  subjected  to  radiation,  would 
fall  victim  to  the  attack  by  radicals.  Thus  the  normal  flow  of  supply 
would  decrease  or  cease,  causing  a  disturbance  of  metabolism  which  would 
last  at  least  as  long  as  irradiation  continued.     If  this  period  is  short,  the 

2  We  are  here  not  concerned  with  one  group  of  such  definite  biochemical  radiation 
effects  which  consists  of  biochemical  mutants,  e.g.,  a  deficiency  of  growth  factors  or  of 
special  enzyme  systems  as  a  result  of  radiation-induced  mutations.  The  biochemical 
change  is  of  a  secondary  nature  in  these  cases,  being  the  sequence  to  a  genetic  change. 
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cell  may  be  able  to  resume  its  normal  activity  and  recover;  if  too  long, 
irreversible  damage  might  be  caused.  The  presence  of  other  substances 
would  raise  the  inactivating  X-ray  dose,  but  ordinary  metabolites  would 
have  to  be  present  in  appreciably  higher  concentrations  to  have  a  marked 
effect.  With  regard  to  reactions  which  take  place  on  surfaces  or  are 
activated  by  surfaces,  too  little  is  known  to  suggest  any  well-supported 
mechanisms. 

An  example  which  may  be  explained  by  the  dilution  effect  operating 
within  the  cell  is  an  investigation  of  the  effect  of  varying  the  water  con- 
tent in  germinating  seedlings  and  seeds.  The  dry  seeds  are  more  radio- 
resistant than  those  which  have  taken  up  water,  and  the  radiosensitivity 
of  seedlings  increases  with  increasing  water  content  (Henshaw  and 
Francis,  1935;  Gelin,  1941;  Komuro,  1924),  whereas  retardation  of 
growth  by  lowering  the  temperature  does  not  appreciably  change  the 
radiosensitivity  (Henshaw  and  Francis,  1933).  The  effect  therefore 
appears  to  be  due  to  the  water  content  and  not  to  the  higher  metabolic 
activity  of  growth  which  is  frequently  quoted  as  the  cause  of  increased 
susceptibility  to  radiation.  Other  investigations  demonstrate  the  dilu- 
tion and  protection  effect  in  operation  when  the  concentration  of  suspen- 
sions of,  for  example,  spermatozoa  (Evans  et  al.,  1942)  or  of  erythrocytes 
(Halberstaedter  and  Goldhaber,  1943)  is  varied  or  protective  substances 
are  added.  In  the  first  example  the  criterion  was  the  fertilizing  power 
and  in  the  second  the  degree  of  hemolysis. 

POSSIBLE  MODIFICATIONS  OF  RADIATION  EFFECTS 

We  shall  discuss  in  this  section  all  those  substances  which  are  known 
to  have  or  are  likely  to  have  a  modifying  influence  by  their  presence  or 
absence. 

Hydrogen  Peroxide,  HO2,  and  Oxygen.  Most  consideration  has  been 
given  to  hydrogen  peroxide,  which  was  known  to  be  generated  by  radi- 
ation long  before  the  indirect  action  of  radiation  was  recognized.  A 
great  deal  of  work  has  been  carried  out  on  it  by  certain  French  scientists 
(Bonet-Maury  and  Frilley,  1944;  Bonet-Maury  and  Lefort,  1948;  Loise- 
leur,  1942,  1943;  Loiseleur  and  Latarjet,  1941;  Loiseleur,  Latarjet,  and 
Caillot,  1941)  and  also  by  Fricke  (1934,  1935)  and  Fricke  and  Hart 
(1935).  Without  enlarging  here  on  the  still  controversial  reaction 
mechanisms  leading  to  hydrogen  peroxide  and  HO2  formation,  it  may  be 
stated  briefly  that  X  rays  produce  H2O2  when  oxygen  is  present  in  the 
water,  but  not  in  its  absence,  and  that  a  rays  generate  H2O2  in  either  case. 

It  is  important  to  note,  as  clearly  pointed  out  by  Allsopp  (1944,  1948), 
that  hydrogen  peroxide  is  not  the  primary  product  of  radiation  but  a  con- 
sequence of  the  reaction  of  radicals  with  each  other  and  with  dissolved 
oxygen.  Therefore,  without  doubt,  radicals  and  hydrogen  peroxide  can 
be  reactants  in  oxido-reductions  of  solutes.     There  is,  however,  a  tend- 
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ency  to  attribute  too  much  weight  to  reactions  with  hydrogen  peroxide. 
Many  radiation  effects  may  become  less  but  do  not  disappear  in  absence 
of  oxygen.  Others  are  not  affected  at  all  either  by  the  presence  or 
absence  of  oxygen,  or  by  hydrogen  peroxide  in  concentrations  built  up  by 
the  radiation  dose  used.  This  has  been  shown  for  the  inactivation  of 
carboxypeptidase  (Dale,  Gray,  and  Meredith,  1949),  for  the  deamination 
of  amino  acids  (Dale,  Davies,  and  Gilbert,  1949b),  and  for  the  deactiva- 
tion of  ribonuclease  (Holmes,  1950).  There  are,  however,  other  reactions 
in  which  hydrogen  peroxide  does  play  a  part.  This  has  been  shown,  for 
instance,  for  bacteriophage,  S  13  (Alper,  1948),  which  is  not  only  inactiv- 
ated by  X  rays  but  also  by  hydrogen  peroxide  of  such  concentration  as  is 
generated  by  the  inactivating  X-ray  dose  in  aerated  solution.  In  living 
matter  accumulation  of  hydrogen  peroxide  would  not  be  expected  because 
it  would  be  broken  down  at  the  instant  of  its  formation  by  the  powerful 
enzyme  catalase  which  is  present  in  all  tissues. 

Hydrogen  peroxide  therefore  complicates  the  unraveling  of  the  mecha- 
nism of  the  response  to  radiation  of  those  substances  which  are  sensitive 
to  hydrogen  peroxide  and  requires  special  attention  from  the  experi- 
mental point  of  view  in  order  to  separate  the  reaction  of  radicals  with 
solute  from  the  reaction  of  hydrogen  peroxide  with  solute.  Any  tendency 
to  overemphasize  the  hydrogen  peroxide  effect  carries  the  danger  of 
obscuring  the  progress  made  in  understanding  the  mode  of  action  of  ion- 
izing radiations,  i.e.,  that  these  radiations  can  have  an  effect  of  their  own. 

A  few  examples  of  the  effect  of  X  radiation  on  biological  systems  under 
anerobic  conditions  may  be  given.  Crabtree  and  Cramer  (1933)  found 
that  tumor  cells  of  rats  became  less  sensitive  to  radiation  w^hen  irradiated 
in  absence  of  oxygen.  Thoday  and  Read  (1947)  report  that  the  growth 
rate  of  root  tips  of  Viciafaha  was  less  retarded  when  irradiated  in  absence 
of  oxygen  than  in  its  presence  and  therefore  consider  an  effect  of  hydrogen 
peroxide  probable.  Schrek  (1946)  showed  that  lymphocytes  are  not 
radiosensitive  under  anaerobic  conditions. 

These  results  indicate  an  effect  of  oxygen  (and  reaction  products  like 
H2O2  and  HO2)  in  some  biological  radiation  effects  of  X  rays.  This  ques- 
tion cannot,  however,  be  considered  as  finally  settled,  especially  in  view 
of  conflicting  results  obtained  in  experiments  with  addition  of  cyanide 
which  also  causes  anaerobiosis.  Cyanide  increased  the  radiosensitivity 
of  tumor  tissues  (Crabtree  and  Cramer,  1933)  and  the  radiosensitivity 
of  growing  tips  of  bean  roots  (Mottram,  1935).  On  the  other  hand  it 
reduced  mutation  rate  in  X-irradiated  barley  (d'Amato  and  Gustafsson, 
1948)  and  raised  the  mean  lethal  dose  of  rats  exposed  to  X  rays  (Herve 
and  Bacq,  1949). 

Other  Suhstajices.  The  steadily  increasing  knowledge  of  cleavage 
products  formed  by  radiation  helps  us  to  come  nearer  to  an  understand- 
ing of  the  biological  implications.     As  already  briefly  mentioned  earlier 
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in  the  discussion,  some  cleavage  products,  e.g.,  hydrogen  sulfide  and 
ammonia,  may  have  detrimental  effects  when  liberated  within  the  cell. 
Products  like  these,  or  still  unknown  ones,  may  have  connections  with 
radiomimetic  substances  or  may  even  be  the  cause  of  what  appears  as 
chromosome  breakage  and  its  consequences.  When  a  normal  constituent 
of  a  cell  is  split  up  after  reaction  with  radicals  the  fragments  are  new 
entities  which  may  or  may  not  be  detrimental  to  the  cell.  They  may 
also  be  a  new  type  of  radical  Avith  properties  different  from  the  primary 
radicals  which  initiated  the  cleavage. 

Finally  consideration  will  be  given  to  investigations  which  aim  at 
establishing  a  change,  caused  by  irradiation  of  the  quantities  of  con- 
stituents in  biological  systems  like  cells  or  tissues.  In  such  investiga- 
tions certain  technical  difficulties  are  encountered.  It  is  not  always  easy 
to  ensure  that  extraction  methods  are  quantitative,  and  the  percentage 
changes  resulting  from  radiation  have  to  be  sufficiently  great  to  be 
detectable  by  ordinary  chemical  analysis.  Furthermore,  the  changes 
which  occur  are  often  of  a  transient  nature,  as  has  been  revealed  by  the 
modern  tracer  techniciue,  and,  therefore,  ordinary  chemical  methods  are 
not  adaptable  enough  to  deal  with  them  adecjuately.  One  example  of  a 
definite  change,  however,  should  be  mentioned  here,  i.e.,  the  destruction 
by  X  rays  of  the  hormone  auxin  within  living  plants  (Vicia  faba)  due  to 
oxidation,  possibly  by  hydrogen  peroxide  (Skoog,  1935-1936). 

Often,  however,  it  is  not  so  much  the  total  amount  of  a  substance  which 
is  of  importance  but  its  functional  level  existing  during  perhaps  quite 
short  periods.  The  brilliant  method,  conceived  by  Hevesy,  of  using 
radioactive  isotopes  to  label  atoms  in  a  molecule  in  order  to  follow  the 
fate  of  a  compound,  is  much  better  suited  to  deal  with  transient  changes, 
and  has  the  advantage  of  extremely  high  sensitivity. 

This  method,  employing  P^^,  was  used  successfully  (Euler  and  Hevesy, 
1944;  Ahlstrom,  Euler,  and  Hevesy,  1945;  Holmes,  1947)  to  prove  that 
desoxyribonucleic  acid  formation  is  inhibited  by  the  action  of  X  rays  in 
tumor  tissue  of  rats.  Mitchell  (1942)  came  to  the  same  conclusion  with 
regard  to  irradiated  human  malignant  tumors  by  examining  sections  by 
ultraviolet  microscopy.  Hevesy  (1949a)  also  proved  that  X  radiation 
causes  a  decrease  of  uptake  of  C^^  into  desoxyribonucleic  acid  but  an 
increase  of  uptake  of  C^^  in  the  tissue  of  whole  organs  (kidney,  liver,  etc., 
Hevesy,  1949b).  Hevesy  emphasizes  that,  as  far  as  is  now  known, 
nucleic  acids  are  the  only  compounds  which  are  formed  at  a  reduced  rate 
under  the  effect  of  X  rays.  These  experiments  measure  the  quantity  of 
newly  formed  nucleic  acid,  but,  of  course,  cannot  give  any  indication  of 
the  mechanism  by  which  the  formation  takes  place. 

Apart  from  these  radiation-induced  metabolic  changes  of  cjuantity  of 
nucleic  acids,  investigations  have  been  carried  out  as  to  the  chemical 
changes  of  nucleic  acids.     Here  again  research  is  confronted  with  diffi- 
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culties.  The  constitution  of  nucleic  acids  is  still  a  matter  of  controversy. 
Although  the  compounds  contained  in  the  molecule  are  known,  it  has  not 
yet  been  discovered  how  they  are  joined  together  and,  furthermore,  the 
methods  of  isolating  nucleic  acids  yield  variable  products.  It  seems  as  if 
they  are  nearer  to  their  natural  condition  the  less  drastic  the  methods 
used  for  their  isolation.  Thus  the  somewhat  ill-defined  identity  of 
nucleic  acids  has  led  to  many  investigators  having  specimens  of  varying 
properties  at  their  disposal,  and  this  may  account  for  the  discrepancies  in 
the  results  reported. 

All  investigations  (Taylor,  Greenstein,  and  Hollaender,  1948;  Sparrow 
and  Rosenfeld,  1946;  Butler,  Gilbert,  and  Smith,  1950),  however,  seem  to 
indicate  that  depolymerization  occurs  as  a  result  of  X  radiation,  but 
divergence  of  opinion  exists  as  to  the  extent  of  this  and  its  cause.  It 
seems  to  be  certain  that  the  change  of  viscosity  is  initiated  by  X  radiation 
but  continues  for  several  hours  after  irradiation  has  stopped  until  a  new 
equilibrium  is  reached.  This  new  equilibrium  depends  on  the  radiation 
dose  given.  Loss  of  birefringence  is  observed  by  most  investigators,  and 
sedimentation  tests  in  the  ultracentrifuge  point  to  a  breaking  up  of 
nucleic  acid  fibers  into  smaller  fragments.  There  is  perhaps  a  possibility 
that  the  viscosity  change  once  initiated  by  radiation  is  a  self-propagating 
colloidal  change.  In  support  of  this  explanation  is  the  loss  of  alcohol 
precipitability  without  any  demonstrable  chemical  change,  since  tests  for 
ammonia  and  organic  and  inorganic  phosphate  of  a  dialysate  were  com- 
pletely negative.  Moreover,  viscosity  changes  resulting  from  irradiation 
are  observed  for  a  number  of  substances  which,  chemically  unrelated  to 
nucleic  acids,  share  with  them  the  property  of  forming  gel-like  structures. 
Sparrow  (1944)  has  collected  the  literature  on  the  effects  of  various  radia- 
tions on  physical  properties  of  irradiated  substances.  This  list  shows 
that  on  exposure  to  X  rays  a  decrease  of  viscosity  occurs  in  substances 
other  than  nucleic  acids,  e.g.,  gelatin,  agar,  apple  pectin,  synovial  fluid, 
and  nucleohistone,  and  an  increase  in  the  protoplasm  of  Arbacia  eggs. 
According  to  Taylor  et  al.  (1948)  hydrogen  peroxide  added  in  high  con- 
centration (10~^  M)  is  without  effect  on  the  viscosity,  whereas  Butler  et  al. 
(1950)  find  a  change  of  viscosity  with  a  concentration  of  hydrogen  per- 
oxide of  0.001  M,  and  this  change  is  produced  in  their  experiments  by  an 
X-ray  dose  of  22,000  r.  The  question  of  whether  the  effect  is  caused  by 
hydrogen  peroxide  therefore  appears  to  be  undecided. 

CONCLUDING  REMARKS 

In  summing  up  the  development  of  the  research  on  biochemical  radia-. 
tion  effects  during  the  last  twenty  years  it  may  be  said  that  the  most 
striking  advance  made  lies  in  the  fact  that  on  the  basis  of  experimental 
evidence  both  the  direct  and  indirect  action  of  ionizing  radiations  can  be 
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conceived  in  terms  of  specific  chemical  reactions.  Support  for  the  chem- 
ical nature  of  these  changes  comes  from  the  radiomimetic  effect  of  sulfur 
and  nitrogen  mustards  which  can  cause  chromosome  breakage  as  well  as 
mutations.  Thus  the  belief  that  chemical  reactions  intervene  between 
the  absorption  of  radiation  energy  and  the  final  biological  effect  rests  on  a 
firmer  experimental  basis  than  hitherto. 

How  far  it  is  possible  to  make  any  one  reaction  responsible  for  a  given 
biological  effect  is  one  of  the  great  difficulties  with  which  future  research  is 
confronted  (Zirkle,  1949).  The  evidence,  so  far,  rather  points  to  a  multi- 
tude of  possible  reactions  which  can  occur  simultaneously,  though  a  con- 
stant watch  will  have  to  be  maintained  for  the  possible  emergence  of  a 
reaction  of  outstanding  significance. 
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INTRODUCTION 

The  use  of  ionizing  radiations  in  medicine  as  a  therapeutic  and  diagnos- 
tic agent,  and  in  biology  as  a  producer  of  mutations,  greatly  stimulated 
the  study  of  the  mechanism  of  action  of  these  radiations  on  hving  cells. 
Their  introduction  as  a  warfare  agent  has  increased  the  interest  in  these 
studies.  The  subject  is  indeed  of  considerable  biological  importance,  for 
we  have  here  an  agent  which  may  produce  mutations,  stop  cellular  divi- 
sions, or  act  as  a  cancerogenic  agent  when  applied  in  small  and  repeated 
doses,  act  as  a  cancerolytic  agent  when  applied  in  moderate  amounts,  and 
produce  death  in  large  amounts. 

In  spite  of  a  large  amount  of  work,  little  progress  had  been  made  in  this 
field  up  to  1940,  probably  because  of  the  dominant  concepts  about  the 
nature  of  the  effects  of  ionizing  radiations.  With  no  systematic  study  of 
the  alterations  produced  by  these  radiations,  attention  was  focused  on  the 
search  for  the  "sensitive  spot,"  the  "point  sensible"  hit  by  the  ionizing 
radiation.  The  dominant  thought  up  to  1937  was,  in  fact,  well  expressed 
by  Scott  (1937),  who  concluded  that  metabohc  reactions  play  no  part  in 
the  primary  action  of  irradiation  on  cells  and  that  any  detected  metabolic 
disturbances  are  a  manifestation  of  degenerative  processes  which  succeed 
the  primary  damage  to  cell  growth  and  the  nucleus.  The  target  theory 
dominated  the  field,  and  some  biologists  maintained  that  only  it  could 
explain  the  production  of  mutations  and  the  shape  of  the  "survival 
curves"  caused  by  ionizing  radiations  (Lea,  1946;  Crowther,  1938).  The 
classical  experiments  of  Dale  in  1940  broke  the  ground  for  the  introduc- 
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tion  of  the  indirect  action  theory  so  repeatedly  presented  before  by  Fricke 
(1934).  The  great  advances  made  in  the  field  of  free-radical  reactions 
and  the  production  of  mutations  by  those  free  radicals  found  on  irradia- 
tion of  water  have  demonstrated  the  importance  of  this  mode  of  action. 

In  the  study  of  the  biochemical  aspects  of  radiation — radiation  bio- 
chemistry— the  dominant  concept  must  be  that  the  reactions  take  place 
in  aqueous  systems  and  in  the  presence  of  oxygen,  since  most  living  cells 
contain  from  85  to  90  per  cent  water  and  require  oxygen  for  the  perform- 
ance of  their  energetic  activities.  Knowledge  gained  from  the  study  of 
radiation  chemistry  in  gaseous  or  solid  systems  is,  of  course,  necessary  and 
may  aid  in  the  interpretation  of  biochemical  reactions.  Application  of 
this  knowledge  to  biological  systems  must,  however,  be  made  with  due 
consideration  of  the  biological  environment. 

Water  ^^ith  oxygen  dissolved  at  various  tensions  is  the  solvent  of  bio- 
logical systems.  A  large  number  of  ions  are  distributed  in  the  intracel- 
lular as  well  as  in  the  extracellular  spaces.  Organic  substances  of  varied 
composition  provide  the  materials  for  the  framework,  as  well  as  for  the 
performance  of  energy.  The  effect  of  ionizing  radiations  on  passing 
through  these  systems  will  be  the  subject  of  this  chapter.  Great  difficul- 
ties, sometimes  insuperable,  will  be  found  in  the  interpretation  of  findings, 
most  of  them  due  to  lack  of  knowledge  of  the  components  of  the  system 
and  to  the  difficulty  of  differentiating  between  the  indirect  effects  of  the 
radiation  products  of  water  and  the  direct  effects  due  to  collision  between 
the  ionizing  track  and  the  substance  of  biological  importance. 

THE  TWO  THEORIES  OF  BIOLOGICAL  ACTION  OF  RADIATIONS 

Biologists,  w^ho  studied  the  effect  of  ionizing  radiations  upon  the  proc- 
esses of  cell  multipHcation  or  mutation,  claimed  that  these  effects  could 
be  explained  on  the  basis  of  the  production  of  ionization  in  or  in  the  imme- 
diate vicinity  of  some  partic\ilar  molecule  or  structure  vital  to  the  life  of 
the  organism,  the  so-called  "target."  They  went  so  far  as  to  calculate 
the  size  of  this  "sensitive  spot"  or  "point  sensible,"  and  to  give  the  num- 
ber of  "hits."  Chemists,  who  studied  the  effect  of  ionizing  radiations  on 
substances  in  aqueous  solutions,  attributed  the  effects  to  the  action  of  the 
radiation  products  of  water,  the  "activated  water"  of  Risse  (1929)  and  of 
Fricke  (1934).  This  controversy  between  the  partisans  of  the  "hit"  the- 
ory and  the  partisans  of  the  "indirect  action"  is  reminiscent  of  the  con- 
troversy which  twenty  years  ago  arose  between  the  advocates  of  oxygen 
activation  and  those  of  hydrogen  activation  to  explain  biological  oxida- 
tions. Just  as  time  showed  that  the  two  theories  of  biological  oxidations 
are  not  incompatible  but  complementary  to  each  other,  time  is  also  show- 
ing that  these  two  theories  of  biological  action  of  ionizing  radiations  are 
not  contradictory  and  may  take  place  within  the  same  system.     How- 
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ever,  the  simple  laws  of  probability  predict  that,  when  ionizing  radiations 
strike  an  oxygenated  aqueous  solution  in  which  the  solutes  are  in  small 
concentration,  water  will  be  the  system  mainly  "hit"  by  the  radiation, 
and  the  effects  observed  on  the  solute  will  be  those  produced  by  the 
products  of  irradiation  of  water.  As  the  radiation  dose  is  increased, 
the  number  of  molecules  of  solute  directly  "hit"  mil  also  increase.  As 
a  consequence,  under  those  conditions  there  will  be  both  reaction  with  the 
free  radicals  produced  on  water  irradiation  and  direct  colHsion. 

It  is  dangerous,  however,  to  extrapolate  from  experiments  with  large 
doses  of  radiations  to  what  might  take  place  with  small  doses.  In  biolog- 
ical systems  the  effect  of  ionizing  radiations  differs  qualitatively  when  the 
radiation  dose  is  changed.  Small  doses  act  by  indirect  action  and  pro- 
duce mainly  oxidations ;  large  doses  act  by  the  two  mechanisms.  A  sim- 
ilar phenomenon  occurs  when  hving  cells  are  subjected  to  the  action  of 
sulfur  and  nitrogen  mustards,  two  radiomimetic  agents. 

PRODUCTS  OF  IRRADIATION  OF  WATER 

Biologists  are  not  primarily  concerned  with  whether  "pure  water"  is 
decomposed  by  ionizing  radiations.  It  is  generally  agreed  that,  when 
distilled  water  containing  dissolved  oxygen  is  irradiated  with  X  rays,  7 
rays,  a  particles,  or  /3  particles,  there  is  ultimate  formation  of  hydroxyl 
radicals  and  hydrogen  atoms: 

H2O  ->  HO  +  H 

The  net  effect  of  ionization  is  regarded  as  the  production  of  a  high  con- 
centration of  hydroxyl  radicals  along  the  ionization  track  and  of  a  much 
lower  concentration  of  hydrogen  atoms  contained  in  a  cylinder  of  very 
much  larger  radius  than  the  track,  which  is  the  axis  of  the  cylinder.  In 
the  presence  of  dissolved  oxygen  the  hydrogen  atoms  combine  to  form 
O2H  radicals: 

O2  +  H  ^  O2H 

Furthermore,  the  O2H  radicals  may  be  further  reduced  by  hydrogen 
atoms  to  hydrogen  peroxide, 

O2H  +  H  =  H2O2 
and  the  hydroxyl  radicals  may  also  give  H2O2, 

OH  +  OH  =  H2O2 

Although  the  formation  of  these  radicals  on  irradiation  of  water  has 
not  yet  been  demonstrated,  indirect  evidence  is  so  overwhelming  that  it 
seems  reasonable  to  take  for  granted  the  formation  of  OH  and  O2H.  The 
formation  of  hydrogen  peroxide  depends  on  the  kind  of  irradiation. 
When  water  is  irradiated  with  X  rays,  H2O2  formation  in  the  absence  of 
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oxygen  is  negligible.     In  the  presence  of  oxygen,  hydrogen  peroxide  for- 
mation for  a  given  dose  of  radiation  depends  on  the  concentration  of  dis- 
solved oxygen.     In  water  saturated  with  oxygen  hydrogen  peroxide  for- 
mation depends  on  the  intensity  and  the  rate  dose  of  irradiation.     In 
aqueous  solutions,  when  the  rate  dose  is  kept  constant,  hydrogen  peroxide 
formation  depends  on  the  pH,  temperature,  and  presence  of  dissolved  sub- 
stances, even  of  those  which  do  not  combine  with  hydrogen  peroxide, 
such  as  electrolytes.     Hydrogen  peroxide  formation  is  maximum  at  acid 
pH  values,  at  low  temperatures,  and  in  the  absence  of  added  substances 
(Bonet-Maury  and  Lefort,  19^0).     Of  the  electrolytes,  potassium  nitrate 
has  the  greatest  inhibitory  power  on  hydrogen  peroxide  formation  (Barron 
and  Redfield,  1950).     When  aqueous  solutions  are  irradiated  with  a  par- 
ticles, hydrogen  peroxide  formation  is  independent  of  the  presence  of  dis- 
solved oxygen  (Duane  and  Scheuer,  1913).     When  biological  fluids  with 
pH  values  from  5  to  7  are  irradiated  in  the  presence  of  proteins  and  elec- 
trolytes, the  amount  of  hydrogen  peroxide  formed  is  only  half  that  formed 
on  irradiation  of  distilled  water.     In  the  study  of  the  mechanism  of  ioniz- 
ing radiations,  the  possibility  of  the  effect  of  hydrogen  peroxide  must  be 
taken  into  consideration  whenever  a  substance  reacts  with  hydrogen  per- 
oxide.    At  the  same  time,  account  must  be  taken  of  the  effect  of  catalase, 
which  either  destroys  hydrogen  peroxide  or  induces  oxidations  when  com- 
bined with  hydrogen  peroxide. 

EFFECT  OF  IONIZING  RADIATIONS  ON  OXIDATION-REDUCTION  SYSTEMS 

OF  BIOLOGICAL  IMPORTANCE 

It  has  been  shown  that  when  water  saturated  mth  oxygen  is  irradiated, 
there  is  formation  of  the  free  radicals  OH  and  O2H,  of  hydrogen  peroxide, 
and  of  hydrogen  atoms.  Of  these  four  products  of  the  irradiation  of 
w^ater,  the  first  three  are  oxidizing  agents,  whereas  the  last  is  a  reducing 
agent.  Moreover,  hydrogen  atoms  combine  readily  with  oxygen  to  give 
O2H  radical.  It  might  be  predicted  that  ionizing  radiations  will  oxidize 
oxidation-reduction  systems  of  biological  importance  but  will  have  little 
effect  on  the  reverse  process,  reduction.  There  are  a  number  of  examples 
which  support  this  contention. 

Thiol  compounds  are  sluggish  oxidation-reduction  systems,  which  are 
not  oxidized  by  atmospheric  oxygen  but  are  easily  oxidized  by  catalytic 
amounts  of  some  heavy  metals  or  by  some  enzyme  systems.  They  are 
also  oxidized  by  ionizing  radiations  when  in  aqueous  solutions.  Under 
these  conditions  the  following  reactions  may  take  place: 

2RSH  +  20H  =  RS-  SR  +  2H2O 
2RSH  +  2O2H  =  RS     SR  +  2H2O2 
2RSH  +  H2O2  -  RS^  SR  +  2H2O 
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Theoretically  there  could  be  four  molecules  of  thiol  oxidized  per  ion 
pair  produced  on  irradiation.  The  great  sensitivity  of  thiols  to  the  oxi- 
dizing action  of  ionizing  radiations  is  shown  by  the  large  ionic  yield  (more 
than  3)  that  is  found  on  oxidation  of  glutathione  and  propane-l,3-dithiol 
by  X  rays,  7  rays,  or  0  particles.  In  fact,  thiols  seem  to  be  the  most 
sensitive  systems  of  all  those  which  have  been  studied  (Table  5-1).     The 

Table  5-1.  Efficiency  of  X-ray  Irradiation  on  Oxidation-reduction  Processes 


Substance 

Process 

Ionic 
yield 

Reference 

KMn04 

Reduction 
Reduction 
Reduction 
Oxidation 
Oxidation 
Oxidation 
Oxidation 
Oxidation 
Oxidation 
Oxidation 
Oxidation 
Oxidation 
Oxidation 

0.74 

2.0 

0.1 

0.2 

0.4 

0.2 

3.0 

0.7 

3.3 

3.7 

3.5 

0.49 

0.55 

Clark  and  Coe  (1937) 
Clark  and  Coe  (1937) 
Clark  and  Coe  (1937) 
Fricke  and  Hart  (1935b) 
Fricke  and  Hart  (1935c) 
Fricke  and  Hart  (1935c) 
Fricke  and  Hart  (1935a) 
Anderson  and  Harrison  (1943-44) 
Barron  and  Flood  (1950) 
Barron  and  Flood  (1950) 
Barron  and  Flood  (1950) 
Barron  and  Johnson  (1951) 
Barron  and  Bonzell  (1950a) 

Ce(S04)2 

KCIO3 

Nitrite 

K4Fe(CN)6 

Selenite 

FeS04 

Ascorbic  acid 

Glutathione,  pH7 

BAL,  pH  7 

Propane- 1,3-dithiol 

Reduced  DPN 

Ferrocytochrome  c 

efficiency  of  oxidation  of  the  sulfhydryl  groups  by  ionizing  radiations 
depends  on  the  pH  of  the  solution ;  it  is  low  at  pH  5  to  6,  the  amount  of 
oxidation  increasing  with  the  pH  from  6  on,  an  indication  that  the  degree 
of  oxidation  is  related  to  the  degree  of  dissociation  of  the  sulfhydryl  group 
(Barron  and  Flood,  1950).  The  great  importance  of  this  oxidation  is  the 
result  of  the  role  of  sulfhydryl  groups  in  cellular  division  and  in  cell 
metabolism  (Barron,  1951). 

Cytochrome  c,  another  sluggish  oxidation-reduction  system,  can  also  be 
oxidized  by  ionizing  radiations  when  in  the  reduced  state,  the  oxidation 
being  directly  proportional  to  the  radiation  dose.  Since  this  iron- 
porphyrin  compound  contains  a  protein  moiety,  there  is  on  irradiation 
not  only  oxidation  of  the  metal  nucleus  but  also  of  the  protein  and  por- 
phyrin components.  The  changes  produced  by  irradiation  of  ferrocyto- 
chrome with  10,000  r  are  completely  reversible.  Oxidation  of  ferrocyto- 
chrome c  seems  to  be  produced  only  by  the  hydroxyl  radicals  because  the 
yield  does  not  decrease  in  the  absence  of  oxygen  and  in  the  presence  of 
catalase.  The  porphyrin  moiety  is  more  sensitive  to  the  action  of  ioniz- 
ing radiations  when  in  acid  solution,  so  that  in  0.005  M  HCl  there  is 
almost  complete  disappearance  of  the  big  Soret  band  at  4100  A  on  irra- 
diation with  100,000  r  (Barron  and  Bonzell,  1950a). 
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Dihydrodiphosphopyridine  nucleotide  (DPNH2)  is  also  easily  oxidized 
on  irradiation  with  X  rays,  as  shown  by  measurement  of  the  absorption 
spectrum  of  the  reduced  compound  (Fig.  5-1).     The  extent  of  oxidation  is 

proportional  to  the  radiation  dose 
(Barron  and  Johnson,  1951).  Ascor- 
bic acid,  another  sluggish  oxidation- 
reduction  system,  is  also  oxidized  by 
X  irradiation  (Anderson  and  Harri- 
son, 1943-1944). 

Of  the  oxidizing  agents  produced 
on  irradiation  of  water  by  X  rays, 
two  of  them — the  O2H  radical  and 
H2O2 — occur  only  in  the  presence  of 
oxygen.  Therefore,  irradiation  in 
the  presence  and  in  the  absence  of 
oxygen  may  be  used  to  distinguish 
the  effect  of  OH  radicals  from  that 
of  O2H  and  of  O2H2.  Moreover,  this 
oxygen  test  can  also  be  used  to 
differentiate  the  direct  effect  from 
the  indirect  effect  whenever  O2H 
and  O2H2  act  upon  the  substance  to 
be    irradiated  in   aciueous  solution. 


240 


440 


280  320  360  400 
WAVE  LENGTH,  m/i 
Fig.  5-1.  Oxidation  of  dihydrodiphos- 
phopyridine nucleotide  (DPNH)  by 
X  rays.  X-ray  dose  10,000  r.  Curve 
1,  DPNH,  5  X  10-5  M  in  0.005  M 
phosphate  buffer,  pH  7.0.  Curve  2, 
DPNH  irradiated  with  X  rays. 


The  effect  of  O2H2  may  be  distin- 
guished from  the  effect  of  the  radical  O2H  by  means  of  catalase  in 
experiments  in  the  presence  of  oxygen.  In  the  absence  of  oxygen  oxi- 
dation of  thiol  compounds  by  ionizing  radiations  is  considerably  reduced, 
33  per  cent  of  that  obtained  in  the  presence  of  dissolved  oxygen.  When 
the  thiol  is  irradiated  in  the  presence  of  dissolved  oxygen,  catalase  pro- 
tects it  from  oxidation  by  22  per  cent.  From  these  experiments  (Barron 
and  Flood,  1950)  it  can  be  calculated  that  on  oxidation  of  thiols  by  X  rays, 
OH  radicals  contributed  33  per  cent;  O2H  radicals,  45  per  cent;  and  H2O2, 
22  per  cent.  The  oxidation  of  reduced  DPNH2  is  also  protected  by 
catalase  and  is  less  in  the  absence  of  oxygen. 

Formic  acid  is  also  oxidized  by  ionizing  radiations  (Fricke  and  Hart, 
1934)  to  H2  and  CO2.  Below  pH  3  equal  volumes  of  H2  and  CO2  are 
obtained,  corresponding  to  the  equation 

HCOOH  =  CO2  +  H2 

The  effect  of  the  hydroxyl  radicals  produced  on  irradiation  may  be 
increased  50-fold  by  the  addition  of  O2H2  to  aqueous  solutions  of  formic 
acid.  The  oxidation  is  nearly  independent  of  the  dose  rate,  and  it  seems 
to  be  a  chain  reaction  in  which  the  radicals  OH  and  HCOO  alternate  in 
the  H202-sensitized  reaction  (Hart,  1951) : 
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HCOOH  +  OH  =  H2O  +  HCOO 
HCOO  +  H2O2  =  H2O  +  CO2  +  OH 

Reduction  by  ionizing  radiations  is  mueh  more  difficult  to  obtain  than 
oxidation,  probably  because  atomic  hydrogen  reacts  readily  with  oxygen 
to  give  the  O2H  radical.  Oxidized  thiols,  ferricytochrome  c,  and  diphos- 
phopyridine  nucleotide  are  not  reduced  when  irradiated  in  aqueous  solu- 
tions with  X-ray  doses  up  to  100,000  r.  Yet  it  is  possible  to  reduce 
oxidation-reduction  systems,  as  can  be  demonstrated  on  irradiation  of 
dyestuffs  such  as  methylene  blue  (Loiseleur,  1943;  Gallico  and  Camerino, 
1948).  This  "reduction,"  however,  seems  to  go  beyond  the  true  reduc- 
tion process,  because  after  irradiation  the  "reduced"  dye  cannot  be  com- 
pletely reoxidized  by  oxygen. 

EFFECT  OF  IONIZING  RADIATIONS  ON  NUCLEIC  ACIDS 
AND  NUCLEOPROTEINS 

The  inhibition  of  cell  division  and  of  mitosis  and  the  production  of 
chromosome  aberrations  and  of  mutation  by  X  rays  have  increased 
interest  in  the  study  of  the  changes  produced  by  ionizing  radiations  on 
nucleic  acids  and  nucleoproteins  in  the  belief  that  these  substances  are  the 
most  important  components  of  chromosomes  and  do  take  part  in  cell 
division.  Irradiation  of  thymonucleic  acid  (TNA)  produces  depoly- 
merization,  drop  in  viscosity,  and  diminution  of  birefringency  (Sparrow 
and  Rosenfeld,  1946;  Taylor  et  al,  1947,  1948;  Errera,  1947).  The 
anomalous  viscosity  (greatly  dependent  on  the  velocity  gradient  or  the 
applied  pressure)  of  0.2  per  cent  solutions  of  TNA  is  completely  oblit- 
erated by  X-ray  doses  above  22,400  r.  The  drop  in  viscosity  continues 
after  cessation  of  irradiation  for  a  period  of  about  8  hr,  when  it  levels  off 
and  approaches  the  spontaneous  drop  of  the  control.  TNA  solutions  at 
the  concentration  used  by  Taylor  et  al.  show  no  changes  in  the  absorption 
spectrum.  More  dilute  solutions  (0.003  per  cent)  show  on  X  irradiation  a 
decrease  in  the  absorption  spectrum  at  2600  A,  the  decrease  being  propor- 
tional to  the  radiation  dose.  The  same  decrease  in  the  absorption  spec- 
trum is  observed  on  irradiation  of  dilute  solutions  of  ribonucleic  acid, 
adenylic  acid,  and  adenosine  triphosphate.  This  depression  can  be 
attributed  to  oxidation  of  the  double  bonds  of  the  chromophore  groups 
responsible  for  the  absorption  of  light  in  the  ultraviolet,  since  the  absence 
of  oxygen  and  the  addition  of  catalase  have  a  protective  action  against 
these  radiation  effects  (Barron  and  Bonzell,  1950b).  Lowering  of  vis- 
cosity, however,  seems  unaffected  by  the  absence  of  oxygen  (Smith  and 
Butler,  1951). 

The  participation  of  free  radicals  in  these  changes  has  been  demon- 
strated by  the  action  of  OH  radicals  produced  either  by  exposing  H2O2  to 
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ultraviolet  light  or  by  the  Fenton  reagent.  The  viscosity  of  thymo- 
nucleate  treated  by  these  OH  radicals  is  diminished  (Butler  and  Smith, 
1950). 

On  irradiation  of  nucleic  acids  with  massive  doses  of  X  rays  the  mole- 
cule undergoes  a  profound  chemical  change.  There  is  ammonia  forma- 
tion (indication  of  ring  opening  in  the  purine  or  pyrimidine  ring),  fission 
of  glycosidic  linkages  with  liberation  of  purine  bases,  splitting  of  ester 
linkages  leading  to  the  formation  of  inorganic  phosphate,  and  increase  in 
titratable  acidity  (Scholes  et  at.,  1949). 

Although  these  studies  have  shown  that  ionizing  radiations  alter  a 
number  of  properties  of  the  nucleic  acids,  the  radiation  dose  used  to  pro- 
duce these  effects  is  far  too  great  to  explain  the  production  of  mutations 
and  the  inhibition  of  cell  division  which  occur  with  small  doses  of  radia- 
tion. Perhaps  the  nucleoproteins  remain  unaltered,  and  it  is  oxidation  of 
sulfhydryl  groups,  free  and  fixed  groups,  which  is  responsible  for  the 
effects  of  small  doses  of  radiation. 

MISCELLANEOUS  EFFECTS 

When  large  doses  of  ionizing  radiations  are  used,  there  occur  oxidation 
of  double  bonds,  ruptures  of  rings  of  aromatic  compounds,  and  reactions 
leading  to  the  complete  destruction  of  the  molecule.  In  some  cases  very 
interesting  polymerizations,  which  might  be  of  biological  importance, 
take  place. 

X-ray  irradiation  of  benzene  in  aqueous  solutions  yields  hydrogen, 
phenol,  diphenyl,  traces  of  terphenyl,  and  a  number  of  polyphenols 
(Stein  and  Weiss,  1949a).  Many  of  these  reaction  products  are  formed 
by  the  action  of  the  free  radicals  formed  on  irradiation  of  water.  In  fact, 
hydroxyl  radicals  formed  by  Fenton's  reagent  (H2O2  +  FeS04)  are 
capable  of  hydroxylating  benzene  at  room  temperature  to  phenol  and 
polyphenols  with  great  ease  (Cross  et  al.,  1900).  With  neutrons  the 
primary  ionization  is  the  result  of  the  action  of  the  recoil  protons  formed 
by  interaction  of  neutrons  with  water  molecules.  Recoil  protons  and 
a  rays  produce  a  much  denser  ionization  in  their  tracks  in  the  solution 
than  do  X  or  7  rays.  The  likelihood  of  the  reactions  H  -|-  H  — >  H2  and 
OH  -|-  OH  — »  O2H2  occurring  is  thus  greatly  increased.  Irradiation  of 
aqueous  solutions  of  benzene  with  neutrons  and  a  rays  produces  phenol, 
diphenyl,  polyphenols,  and  opening  of  the  benzene  ring  with  the  forma- 
tion of  aUphatic  aldehydes.  The  phenol  must  become  an  acceptor 
which,  when  accumulated  in  sufficient  quantities,  will  be  attacked  further 
yielding  polyphenols  (Stein  and  Weiss,  1949b).  With  neutrons  amounts 
of  energy  much  smaller  than  with  X  rays  are  sufficient  to  produce  some 
of  these  products.     This  can  be  attributed  to  the  denser  ionization  and 
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production  of  hydroxyl  radicals  in  such  spatial  proximity  that  multiple 
attacks  on  the  same  molecule  become  more  Hkely. 

Irradiation  of  nitrobenzene  with  X  rays  produces  o-,  m-,  and  p-nitro- 
phenols,  the  ratio  of  these  isomers  being  essentially  the  same  as  those 
obtained  on  hydroxylation  with  OH  and  O2H  radicals  with  Teuton's 
reagent  (Loebl  et  al.,  1950). 

As  might  be  predicted  from  the  great  reactivity  of  the  free  radicals  pro- 
duced on  irradiation  of  water,  cholesterol  is  attacked  by  X  rays  with 
oxidation  of  double  bonds  in  the  5 : 6  position  leading  to  the  formation  of 
the  corresponding  (trans)  triols  (Keller  and  Weiss,  1950).  When  choHc 
acid  (0.5  per  cent  aqueous  solutions  of  sodium  cholate)  is  irradiated  with 
1.8  X  10^  r  at  35°C,  two  oily  fractions  can  be  isolated,  one  of  which 
gives,  after  acetylation,  methyl-3: 12-diacetoxy-7-keto  cholanate.  This 
substance  is  also  formed  in  the  first  stages  of  the  biological  oxidation  of 
cholic  acid  (Keller  and  Weiss,  1951). 

An  interesting  reaction  is  the  hydrolysis  of  carbon  tetrachloride  on 
irradiation  of  aqueous  solutions.  The  production  of  hydrogen  chloride  is 
directly  proportional  to  the  X-ray  dose.  When  irradiation  is  performed 
in  the  presence  of  alcohol,  there  is  inhibition  and  the  rate  of  hydrolysis 
becomes  exponential  (Minder  et  al.,  1948). 

Polymerization  reactions  can  be  brought  about  by  radical  reagents, 
probably  by  way  of  the  formation  of  a  radical  of  the  type  (R2C — CR2)^ 
and  its  condensation  according  to  the  equation 

(R2C— CR2)-  +  R2C=CR2  -^  (R2C— CR2— CR2)- 

forming  a  new  radical  that  may  condense  further.  The  polymerization 
stops  by  disappearance  of  the  odd  electron  through  combination  of 
radicals,  by  exhaustion  of  material,  or  simply  because  the  entropy  of 
activation  decreases  with  the  increase  of  polymerization.  These  poly- 
merization reactions  are  of  great  importance  in  radiobiology  because 
many  effects  produced  by  ionizing  radiations  are  polymerizations  (pro- 
tein precipitations,  chromosome  "aberrations").  Polymerization  of 
methylmethacrylate  in  aciueous  solutions  by  hydroxyl  radicals  produced 
chemically  depends  upon  the  hydroxyl  radical  concentration  (Baxendale 
et  al,  1946).  Methylacrylate,  styrene,  and  vinyl  acetate  are  readily 
polymerized  on  irradiation  by  7  rays,  /3  particles,  or  neutrons  (Hopwood 
and  Phillips,  1939;  Dainton,  1948).  The  7-ray-induced  polymerization 
of  acrylonitrile  in  dilute  solutions  is  a  reaction  of  the  second  order  with 
respect  to  the  monomer  concentration,  and  the  rate  appears  to  be  inde- 
pendent of  the  source  strength.  In  the  polymerization  of  acetylene 
under  the  influence  of  a  rays  there  is  considerable  formation  of  benzene. 
The  over-all  ionic  yield,  M/N,  is  21.  On  the  assumption  that  one-fifth 
of  the  reacting  acetylene  produces  benzene,  it  may  be  concluded  that 
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interpretation  of  the  ionic  yield  as  a  cluster  of  21  acetylene  molecules  is 
untenable  (Rosenblum,  1948).  The  radiochemical  polymerization  of 
acetylene  is  regarded  as  proceeding  by  means  of  successive  bimolecular 
reactions  between  a  normal  acetylene  molecule  and  an  excited  molecule 
or  polymer: 

C2H*.^  (C2H2)r-£!H4  (C^H^)* 

where  CoH.f  is  an  excited  acetylene  molecule  or  radical  and  (C2H2)*  and 
(C2H2)*  stand  for  excited  polymers. 

Another  approach  to  the  interpretation  of  radiochemical  reactions  in 
biological  systems  is  being  made  by  the  study  of  reactions  occurring  in 
gels  (Day  and  Stein,  1950).  When  dyestuffs  contained  in  gels  are 
irradiated,  the  dye  is  reduced.  Oxygen  if  present  competes  with  the 
dye  for  the  reducing  agent:  dye  +  e  -^  (dye)";  O2  +  e  — >  O^.  The  elec- 
tron is  that  produced  on  irradiation  of  water:  H2O -^  H2O+  +  e.  The 
relative  extent  of  these  reactions  will  depend  on  the  various  electron 
affinities,  and  it  is  possible  that  very  low  concentrations  of  a  suitable 
acceptor  may  capture  practically  all  the  electrons. 

EFFECT  OF  IONIZING  RADIATIONS  ON  PROTEINS 

The  complexity  of  the  protein  molecule,  its  large  size,  the  number  of 
side  groups  with  different  degrees  of  reactivity,  and  its  shape  (which 
permits  changes  without  alteration  of  its  molecular  weight)  are  the 
reasons  for  the  different  mechanisms  of  action  of  ionizing  radiations. 

When  dilute  solutions  of  protein  are  irradiated  with  small  doses  of  ion- 
izing radiation  the  effect  may  be  entirely  due  to  those  produced  by  the 
radiation  products  of  water,  i.e.,  oxidation  of  sulfhydryl  or  hydroxyl 
groups  and  perhaps  of  amino  groups  and  polymerization.  When  the 
protein  concentration  is  increased  or  the  radiation  dose  is  high,  to  the 
indirect  effect  there  may  be  added  the  direct  collision  of  the  ionizing 
particles  mth  the  protein  molecule  itself,  causing  rupture  of  hydrogen 
bonds,  rupture  of  side  chains,  denaturation  and  splitting  of  the  molecule, 
and  precipitation. 

Oxidation  of  the  sulfhydryl  groups  is  one  of  the  first  reactions.  This  is 
a  reversible  reaction  which  proceeds  with  high  efficiency  and  can  be  best 
studied  by  measuring  the  sulfhydryl  groups  on  irradiation  of  proteins. 
If  these  sulfhydryl  groups  are  important  for  the  functional  activity  of 
the  protein,  inactivation  will  ensue.  The  hydroxyl  groups  of  tyrosine, 
hydroxyproline,  and  /3-hydroxyglutamic  acid  and  the  double  bonds  of 
histidine  are  also  easily  oxidized.  Oxidation  of  the  tyrosine  groups  can 
be  followed  easily  by  spectrophotometric  measurements  in  the  ultra- 
violet region.  Increase  in  the  light  absorption  on  irradiation  was 
observed  as  long  ago  as  1927  (Spiegel- Adolf  and  Krumpel,  1927).     These 
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changes  in  the  absorption  spectrum  increase  with  the  irradiation  dose  up 
to  the  point  when  protein  denaturation  appears,  and  are  more  marked  in 
dilute  solutions  (0.04  per  cent  egg  albumin)  (Fig.  5-2).  The  dose 
recjuired  to  reach  a  given  per  cent  of  increase  in  absorption  is  proportional 
to  the  protein  concentration,  and  the  absolute  rate  of  reaction  appears  to 
be  independent  of  the  protein  concentration  (Buchanan  and  Barron, 
1947).     In  agreement  with  the  results  of  Sanigar  et  al.  (1939),  a  0.4  per 
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Fig.  5-2.  Effect  of  X  rays  on  absorption  spectrum  of  egg  albumin.     Egg  albumin 
1  X  10^5   M  dissolved   in   water.     Curve    1,    control.     Curve   2,   radiation   dose   of 
4300  r.     Curve  3,  radiation  dose  of  19,260  r.     Curve  4,  radiation  dose  of  32,250  r. 

cent  solution  of  egg  albumin  shows  no  significant  change  after  irradiation 
with  19,000  r.  Changes  in  the  absorption  spectrum  at  2800  A  depend  on 
the  pH  of  the  solution,  being  minimum  at  pH  3  and  maximum  when  the 
protein  is  irradiated  in  alkahne  solutions.  This  is  due  to  the  dissociation 
degree  of  the  hydroxyl  group  of  tyrosine  (Barron  and  Gasvoda,  1949a). 
Early  investigators  believed  that  the  effects  produced  by  ionizing  radia- 
tions were  similar  to  those  produced  by  heat,  acid,  and  base  denaturation 
and  by  H2O2.  The  changes  observed  in  the  absorption  spectrum  of 
protein  resulting  from  the  action  of  ionizing  radiations  are  different  from 
those  observed  on  irradiation  with  ultraviolet  light,  on  denaturation  by 
heat  or  acid,  or  on  addition  of  base.  H2O2  added  at  a  concentration  which 
would  be  produced  by  irradiation  of  water  with  250,000  r  (5  X  10~^  M) 
has  no  effect  on  the  absorption  spectrum.  If  to  this  solution  (albumin  + 
H2O2)  FeS04  is  added  (5  X  10~^  M)  in  order  to  produce  hydroxyl  radicals 
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there  is  an  immediate  change  in  the  absorption  spectrum  which  is  exactly 
the  same  as  that  produced  on  irradiation  (Fig.  5-3).  These  experiments 
demonstrate  that  absorption  spectrum  changes  caused  by  irradiation 
are  partly  due  to  the  action  of  the  free  radicals  produced  on  irradiation  of 
water. 

The  indirect  action  of  ionizing  radiation  is  also  demonstrated  on  irradia- 
tion of  protein  solutions  in  the  presence  and  in  the  relative  absence  of 
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Fig.  5-3.  Effect  of  denaturing  agents,  X  rays,  and  hydroxyl  radicals  on  absorption 
spectrum  of  protein  dissolved  in  water.  (^)  Curve  1,  0.034  per  cent  egg  albumin  dis- 
solved in  water;  curve  2,  egg  albumin  dissolved  in  0.07  M  HCl;  curve  3,  egg  albumin 
dissolved  in  0.07  M  NaOH.  {B)  Curve  1,  0.034  per  cent  egg  albumin;  curve  2, 
heated  to  100°C  and  centrifuged  soon  after  at  38,000  g.  (C)  Curve  1,  egg  albumin; 
curve  2,  egg  albumin  X  irradiated  with  25,000  r.  (D)  Curve  1,  0.07  per  cent  serum 
albumin,  dissolved  in  water;  curve  2,  egg  albumin  -\r  FeSO'*. 


dissolved  oxygen.  At  the  same  radiation  dose  the  effect  on  the  absorp- 
tion spectrum  is  greater  in  the  presence  of  oxygen.  This  is  an  indication 
that  hydroperoxyl  radicals  also  contribute  to  these  changes. 

Protein  denaturation  and  precipitation  which  occur  on  irradiation  with 
large  doses  of  ionizing  radiation  (a  0.07  per  cent  solution  of  serum  albumin 
in  water  becomes  denatured  on  irradiation  with  72,000  r)  seem  to  take 
place  in  two  steps — the  first  temperature-independent,  the  second  with  a 
large  temperature  coefficient.  Rajewski  (1930)  calls  the  first  step  the 
latent  period  {LZ)  and  believes  that  it  can  be  expressed  by  the  equation: 
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in  which  K"  is  a  constant  and  t  is  the  time  of  radiation  exposure.  Protein 
sokitions  (0.07  per  cent  plasma  alVjumin  in  water),  which  become  cloudy 
after  2  hours  irradiation  at  10°C  with  72,000  r,  remain  clear  for  hours 
when  kept  at  3°C.  This  large  temperature  effect  on  denaturation  may 
be  due  to  the  spiral  structure  of  the  protein  (Pauling  and  Corey,  1950),  in 
which  the  plane  of  the  conjugated  system  C — CO — NH — C  is  nearly 
parallel  to  the  spiral  axis,  and  hydrogen  bonds  are  formed  between  each 
carbonyl  and  imino  group  and  an  imino  or  carbonyl  group  of  a  residue 
nearly  one  turn  forward  or  back  along  the  spiral. 

A  decrease  in  the  viscosity  of  gelatin  solutions  on  irradiation  has  been 
reported  (Fernau  and  Pauli,  1915).  When  aqueous  solutions  of  serum 
albumin  are  irradiated  with  100,000  r,  the  effect  on  the  viscosity  depends 
on  the  pH  of  the  solution.  At  pH  3  there  is  a  large  increase  in  the 
intrinsic  viscosity;  at  pH  9,  the  increase  ia  smaller,  whereas  at  the  iso- 
electric point  of  the  protein  there  is  almost  no  change  (Barron  and  Finkel- 
stein,  1952). 

Sedimentation  velocity  measurements  do  not  show  changes  on  irradia- 
tion up  to  90,000  r  because  of  the  rather  large  concentration  of  protein 
necessary  for  such  measurements.  When  serum  albumin  is  irradiated 
with  100,000  r  at  pH  3,  25  per  cent  of  the  total  area  is  in  a  faster  sedi- 
menting  peak,  indicating  the  presence  of  a  dimer.  Irradiation  in  the 
presence  of  6  X  10~^  M  cysteine  prevents  the  formation  of  this  com- 
ponent. Irradiation  in  the  absence  of  oxygen  causes  a  slight  reduction  in 
the  amount  of  this  faster  component.  With  irradiation  at  pH  7  the 
amount  of  the  faster  component  diminishes  markedly.  The  protection 
with  cysteine  and  with  oxygen-lack  is  aa  indication  that  the  process  may 
be  a  dimerization  through  disulfide  formation. 

No  marked  changes  in  electrophoretic  mobilities  are  observed  on  irra- 
diation of  proteins  up  to  100,000  r  or  on  acid-base  titration. 

A  number  of  side  groups  of  proteins  may  be  studied  by  attaching  to 
them  easily  recognizable  ions,  such  as  organic  dyestuffs  or  metals.  A 
preliminary  survey  of  this  field  has  shown  that  amino  groups  are  easily 
detached  on  irradiation  with  X  rays,  whereas  carboxyl  groups  are  more 
resistant.  The  first  are  studied  with  organic  anionic  dyes,  and  the  second 
with  metals,  such  as  calcium  and  uranium.  It  is  well  known  that  pro- 
teins can  be  split  into  smaller  components,  the  so-called  "subunits,"  by 
being  dissolved  in  concentrated  solutions  of  urea,  by  having  the  tempera- 
ture lowered,  or  by  small  pH  changes.  Such  a  split  of  some  protein  mol- 
ecules can  be  produced  on  irradiation.  When  hemocyanin  is  irradiated 
with  a  particles  (radon),  there  is  a  split  into  half-molecules,  the  process 
being  independent  of  the  temperature  of  irradiation.     Hemoglobin  and 
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serum  albumin  become  inhomogeneous  by  the  formation  of  a  continuous 
series  of  molecules  of  both  lower  and  higher  molecular  weight  when  irra- 
diated at  room  temperature,  whereas  no  change  is  observed  on  irradiation 
at  the  temperature  of  liquid  air  (Svedberg  and  Brohult,  1939).  The 
number  of  molecules  remaining  unsplit  is  an  exponential  function  of  the 
dose.  However,  as  the  data  are  given  for  only  one  concentration,  it  is 
not  possible  to  apply  the  usual  criteria  for  discrimination  between  the 
direct  and  the  indirect  action.  Undoubtedly  both  effects  are  found  on 
irradiation  of  proteins  with  large  doses  of  X  rays. 

EFFECT  OF  IONIZING  RADIATIONS  ON  AMINO  ACIDS 

The  decomposition  of  amino  acids  by  ionizing  radiations  has  been  known 
for  a  long  time.  The  decomposition  of  tyrosine  by  X  rays  proceeds  with 
an  ionic  yield  of  0.166  (Stenstrom  and  Lohmann,  1928),  whereas  on  irra- 
diation with  a  rays  the  yield  drops  to  0.003  (Nurnberger,  1937).  Irradia- 
tion with  a.  particles  also  produces  deamination  (Loiseleur,  1933).  This 
problem  has  been  recently  studied  quantitatively  and  under  varied  con- 
ditions by  Dale  (Dale,  Davies,  and  Gilbert,  1949a,  b;  Dale  and  Davies, 
1949)  and  by  Weiss  (Stein  and  Weiss,  1949c).  When  amino  acids  are 
irradiated  with  large  doses  of  X  rays  (166,000  r),  the  formation  of  ammo- 
nia increases  with  the  concentration  of  irradiated  amino  acid.  For 
example,  the  ionic  yield  of  glycine,  which  is  0.3  on  irradiation  of  a  0.001  M 
solution,  increases  to  1  on  irradiation  of  a  0.1  M  solution  and  reaches  2.9 
on  irradiation  of  dry  glycine.  Since  the  absence  of  oxygen  and  the  addi- 
tion of  H2O2  has  no  measurable  effect  on  the  ionic  yield,  it  seems  that,  of 
the  irradiation  products  of  water,  only  OH  radicals  and  H  atoms  are 
effective  (Dale,  Davies,  and  Gilbert,  1949a).  In  Table  5-2  are  given  the 
ionic  yields  of  amino  acids  on  X  irradiation  of  0.13  M  solutions.  The 
efficiency  of  irradiation  with  a  particles  is  15  to  20  per  cent  of  that  of  X 

Table  5-2.  Deamination  of  Amino  Acids  by  Ionizing  Radiations  (X  Rays) 
(Calculated  from  the  data  of  Dale,  Gray,  and  Meredith,  1949) 
Amino  Acid*  Ionic  yield f 

Glycine 1.08 

Alanine 0 .  96 

/3- Alanine 0 .  57 

Histidine 1 .  57 

Lysine 4.92 

Arginine 1 .  00 

Glycylglycine 1  .  66 

Glycylglycine  and  HCl 0 .  50 

Leucylglycine 0 .  88 

Diglycylglycine 0 .  93 

Proline 0 

*  0.13  M,  X-ray  dose  166,000  r. 

t  Number  of  NH3  molecules  produced  per  ion  pair. 
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rays  (Dale,  Davies,  and  Gilbert,  1949b).  The  yield  of  ammonia  depends 
also  on  the  pH.  Starting  at  the  lowest  pH  values,  the  yield  rises  to  a 
maximum  at  pH  3,  falls  to  a  pronounced  minimum  at  pH  6  to  6.5,  rises 
very  steeply  to  a  second  maximum  around  pH  9,  and  falls  again  at  higher 
pH  values  (Stein  and  Weiss,  1949c).  Dale  and  Stein  have  discussed  at 
length  the  variation  of  ionic  yield  with  concentration  of  solute.  It  is 
well  known  that  OH  radicals  chemically  produced  can  oxidize  amino  acids 
deaminatively  (Dakin,  1905;  Neuberg,  1909).  Dale,  Davies,  and  Gilbert 
(1949a)  have  suggested  the  following  mechanism  for  the  oxidation: 

OH  +  +H3NCH2COO-  =  OHCH2COO-  +  NH+ 
NH+  +  H2O  =  NH+  +  OH 

The  re-formed  hydroxyl  radical  can  then  oxidize  another  amino  acid  mol- 
ecule. Stein  and  Weiss  (1949c)  have  suggested  that  on  irradiation  of 
glycine  "not  only  the  hydroxyl  radicals,  but  also  the  hydrogen  atoms 
attack  the  acceptor,  both  leading  to  the  formation  of  ammonia."  If  this 
reaction  is  added  to  the  above  two,  an  ionic  yield  of  3  would  be  expected. 
It  is  obvious,  however,  that  when  large  amounts  of  amino  acids  are  irra- 
diated with  large  doses  of  radiation  (as  in  these  experiments) ,  both  mech- 
anisms take  place — the  indirect  action  of  the  radiation  products  of  water 
and  the  direct  collision  between  the  amino  acid  molecule  and  the  ionizing 
tracks.  It  must  be  emphasized  that  ionizing  radiations  have  different 
qualitative  effects  at  different  doses;  with  small  doses  the  effects  are 
mainly  indirect,  while  with  large  doses  the  direct  effect  has  to  be  taken 
into  consideration. 

EFFECT  OF  IONIZING  RADIATIONS  ON  ENZYMES 

The  effect  of  ionizing  radiations  on  enzyme  systems  has  been  the  sub- 
ject of  numerous  investigations.  In  the  early  experiments,  however,  the 
amount  of  radiation  necessary  to  produce  inhibition  was  so  high  that 
Scott  (1937)  cjuite  reasonably  concluded  that  these  radiations  affect 
enzymes  only  in  large  doses.  Dale,  in  1940,  by  diminishing  the  concen- 
tration of  carboxypeptidase  obtained  inhibition  on  irradiation  with  rel- 
atively small  doses  of  X  rays.  He  was  the  first  to  postulate  that  enzyme 
inhibition  is  due  to  the  radiation  products  of  water.  Ionizing  radiations 
may  act  on  either  of  the  two  components  of  which  enzymes  are  made  up, 
i.e.,  the  protein  or  the  prosthetic  group.  When  acting  on  the  protein 
moiety  they  may  oxidize  reactive  groups  in  the  side  chain  of  the  molecule, 
such  as  sulfhydryl  groups,  hydroxyl  groups,  amino  groups,  or  double 
bonds;  or  they  may  act  by  breaking  hydrogen  bonds  with  production  of 
denaturation  or  precipitation.  When  acting  on  the  prosthetic  group  they 
may  produce  chemical  changes  which  alter  the  biological  activity  of  the 
enzyme. 
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A  large  number  of  enzymes  essential  for  the  metabolism  of  proteins, 
fatty  acids,  and  carbohydrates  and  for  the  formation  of  high-energy  bond 
P  require  the  presence  of  sulfhydryl  groups  for  enzymatic  activity  (Bar- 
ron, 1951).  The  great  reactivity  of  thiol  groups  toward  the  oxidizing 
agents  produced  on  irradiation  of  water  makes  these  sulfhydryl  enzymes 
extremely  sensitive  to  the  action  of  ionizing  radiation.  The  oxidation  of 
sulfhydryl  groups  by  ionizing  radiations  has  been  studied  with  phospho- 
glyceraldehyde  dehydrogenase  from  rabbit  muscle,  an  enzyme  which  is 
readily  crystallized.  On  irradiation  with  X  rays  of  70  ng  of  the  enzyme 
per  milliliter  of  buffer  solution,  there  is  half  inhibition  with  200  r  and 
almost  complete  inhibition  with  500  r.  This  inhibition  may  be  produced 
by  oxidation  of  the  sulfhydryl  groups  or  by  protein  denaturation.  Since 
the  first  process  is  reversible,  it  can  be  distinguished  by  the  addition  of  a 
thiol  compound  after  irradiation.  The  oxidized  R — S — S — R  groups  are 
then  converted  into  the  active  RSH — RSH  groups.  When  the  enzyme 
is  21  per  cent  inhibited  there  is  complete  reactivation  on  addition  of  gluta- 
thione, an  indication  that  under  those  conditions  X  irradiation  produces 
only  oxidation  of  the  sulfhydryl  groups ;  when  the  enzyme  is  half  inhibited 
there  is  62  per  cent  reactivation;  finally,  when  the  enzyme  is  completely 
inhibited,  the  reactivation  is  only  10  per  cent.  Lack  of  reactivation  may 
be  interpreted  as  protein  denaturation  by  X  irradiation.  Similar  results 
are  obtainea  on  irradiation  of  another  sulfhydryl  enzyme,  adenosinetri- 
phosphatase  (myosin)  (Table  5-3).     Not  all  sulfhydryl  enzymes,  however, 


Table  5-3.  Inhibition  of  Phosphoglyceraldehyde  Dehydrogenase  and  Adeno- 
sine Triphosphatase  by  X  Rays;  Reactivation  with  Glutathione,  Added  after 

X  Irradiation 
(Barron,  Dickman,  Muntz,  and  Singer,  1949) 


Enzyme 

X-ray  dose, 
r 

Inhibition, 
per  cent 

Reactivation, 
per  cent 

Phosphoglyceraldehyde  dehydrogenase .  .  . 
Adenosine  triphosphatase 

100 
200 
300 
500 
100 
500 
1000 

21 
50 

80 
94 
27 
41 
73 

Complete 
62 

10 
97 
56 
22 

are  as  sensitive  to  ionizing  radiations  as  those  just  mentioned.  Crystal- 
line yeast  hexokinase  has  sulfhydryl  groups  not  very  reactive  toward 
oxidizing  agents,  and  is  also  rather  resistant  to  the  reaction  of  X  rays. 
Inhibition  of  succinoxidase  by  X  rays  can  also  be  reversed  on  addition  of 
glutathione  (Barron,  Dickman,  Muntz,  and  Singer,  1949).  The  part 
played  by  H2O2  in  these  inhibitions  may  be  measured  by  the  addition  of 
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small  amounts  of  catalase  previous  to  irradiation.  Whatever  part  H2O2 
has  taken  in  the  inhibition  will  be  abolished  by  catalase  (catalase  is  resist- 
ant to  irradiation).  Complete  protection  of  the  enzymes  is  obtained  on 
addition  of  glutathione.  The  effect  of  ionizing  radiations  on  a  number 
of  other  enzymes  has  been  studied.  In  general,  increasing  the  dose  of 
radiation  will  bring  about  inhibition  of  very  dilute  solutions.  Trypsin 
(Hussey  and  Thompson,  1922-23;  Barron,  Dickman,  Muntz,  and  Singer, 
1949);  pepsin  (Northrop,  1934);  ribonuclease  (Lea  et  al.,  1944;  Barron, 
Dickman,  Muntz,  and  Singer,  1949) ;  catalase  (Forssberg,  1947) ;  urease 
(Tytell  and  Kersten,  1941 ;  Barron  and  Dickman,  1949) ;  carboxypeptidase 
(Dale,  1940);  D-amino  acid  oxidase  (Dale,  1942);  papain  (Feigenbaum, 
1950) ;  desoxyribonucleic  acid  depolymerase  (Manoilov  and  Semenov, 
1950) ;  and  serum  phosphatase  (Albers,  1940),  are  inhibited  by  irradiation. 
The  ionic  yield  of  some  of  these  enzymes  is  given  in  Table  5-4. 

Table  5-4.  Ionic  Yield  of  Enzymes  Inhibited  by  X  Rays 
Enzyme  Ionic  yield 

Alcohol  dehydrogenase 1 .  05 

Phosphoglyceraldehyde  dehydrogenase 0 .  93 

Trypsin 0.025 

Ribonuclease 0 .  03 

Carboxypeptidase 0.16 

D- Amino  acid  oxidase 0.1 

Catalase 0.0027 

There  is  little  information  on  the  relative  efficiency  of  different  radia- 
tions toward  enzyme  systems.  In  reactions  in  the  gaseous  state  the 
ionic  yields  with  different  ionizing  radiations  are  in  general  similar.  In 
the  production  of  H2O2  on  irradiation  of  water  saturated  with  oxygen, 
Frilley  (1947)  reported  similar  ionic  yields  for  X-ray  and  for  a-ray  irra- 
diation. On  irradiating  carboxypeptidase  with  a  and  mth  X  rays,  Dale, 
Gray,  and  Meredith  (1949)  found  the  efficiency  of  a  rays  only  5  to  9  per 
cent  of  that  of  X  rays.  In  irradiation  of  the  sulfhydryl  enzyme  phos- 
phoglyceraldehyde dehydrogenase,  the  efficiency  of  a,  ^,  and  X  rays  is 
about  the  same,  while  in  irradiation  with  7  rays  the  ionic  yield  is  some- 
what lower  (Barron  and  Dickman,  1949)  (Table  5-5).     The  equal  effi- 

Table  5-5.  Ionic  Yields  of  Enzyme  Inhibition  by  X,  a,  /3,  and  7  Rays 


Enzyme 


Phosphoglyceraldehyde  dehydrogenase 
Phosphoglyceraldehyde  dehydrogenase 
Phosphoglyceraldehyde  dehydrogenase 
Phosphoglyceraldehyde  dehydrogenase 

Carboxypeptidase 

Carboxypeptidase 


Ionizing 
radiation 


X  rays 
a  rays 
(3  rays 
7  rays 
X  rays 
a  rays 


Ionic  yield 


0.93 

1.0 

1.2 

0.7 

0.16 

0.01 
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ciency  of  a  rays  and  X  rays  in  the  inhibition  of  sulfhydryl  enzymes  as 
contrasted  with  the  greatly  diminished  efficiency  of  a  rays  in  the  inhibition 
of  carboxypeptidase  is  probably  due  to  the  different  mechanisms  of  action. 
The  sulfhydryl  enzymes  are  inhibited  by  oxidation  of  the  sulfhydryl 
groups  of  the  protein,  whereas  inhibition  of  carboxypeptidase  seems  to  be 
due  to  protein  denaturation  alone.  In  fact,  addition  of  hydrogen  perox- 
ide has  no  effect  on  the  activity  of  enzymes  (Dale,  Gray,  and  Meredith, 
1949). 

Carter  (1949)  has  studied  the  activity  of  some  enzymes  after  total-body 
irradiation  of  rats.  The  spleen  was  removed  at  various  intervals  follow- 
ing exposure  to  X  rays,  and  enzyme  activity  was  measured  in  the  diluted 
homogenates.  Irradiation  of  ribonuclease  with  500  r  produces  no  imme- 
diate effect  on  the  activity  of  the  enzyme.  There  is,  however,  a  marked 
decrease  24  to  48  hours  later,  and  recovery  does  not  come  until  12  days 
after  irradiation.  Significant  decrease  in  activity  is  found  on  irradiation 
.with  X  rays  in  doses  as  low  as  100  r.  The  activity  of  cathepsin  II  is 
increased  24  hours  after  irradiation  and  approaches  normal  values  72 
hours  later.  The  activity  of  peptidase  is  also  slightly  increased.  When 
rats  are  irradiated  with  500  r,  the  activity  of  catalase,  esterase,  arginase, 
and  phosphatase  (non-sulfhydryl  enzymes)  is  not  altered  when  measured 
soon  after  irradiation  (Ludewig  and  Chanutin,  1950). 

A  demonstration  of  enzyme  inhibition  by  OH  radicals  has  been  given 
by  Collinson  et  at.  (1950),  who  report  inhibition  of  ribonuclease  in  aqueous 
solutions  by  OH  radicals  produced  chemically. 

Ultraviolet  irradiation  of  Fe+++  salts  produces  the  following  reactions: 

Fe+++  -I-  H2O  aq  +  /iv  ^  Fe++  aq  +  H+  aq  +  OH  aq 
H2O2  aq  +  Fe++  aq  -^  Fe+++  aq  +  OH"  aq  +  OH  aq 
H2O2  2,0^ -\-  hv -^  20H  aq 

These  results  are  a  strong  indication  that  enzyme  inhibition  by  ionizing 
radiations  may  be  due  to  the  irradiation  products  in  water,  even  in  those 
cases  in  which  there  is  no  oxidation  of  sulfhydryl  groups  (ribonuclease 
requires  no  sulfhydryl  groups  for  activity). 

EFFECT  OF  IONIZING  RADIATIONS  ON  METABOLISM  OF  SINGLE  CELLS 

It  has  been  maintained  by  a  number  of  investigators  (see  reviews  by 
Packard,  1931;  Fricke,  1934;  Scott,  1937)  that  the  respiration  of  single 
cells  is  strikingly  resistant  to  the  action  of  ionizing  radiations.  In  fact, 
Chesley  (1934)  reported  that  the  respiration  of  sea  urchin  eggs,  both  fer- 
tilized and  unfertilized,  was  unaffected  by  X-ray  irradiation  with  as  much 
as  43,000  r.     However,  the  respiration  of  sea  urchin  sperm  (dilute  suspen- 
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sions)  is  strongly  inhibited  by  20,000  r  of  X-ray  irradiation  (66  per  cent). 
Inhibition  of  respiration  can  be  observed  even  on  irradiation  with  500  r. 
Whether  this  inhibition  is  reversible  or  not  is  difficult  to  determine  in 
dilute  suspensions  of  sperm  because  under  such  conditions  the  respiration 
of  these  cells  is  maintained  at  a  constant  rate  for  only  3  hours  (Barron, 
Gasvoda,  and  Flood,  1949).  Inhibition  of  respiration  of  grasshopper 
eggs  with  small  doses  of  X  rays  is  reversed  5  hours  after  irradiation 
(Tahmisian  and  Barron,  1947).  The  extent  of  inhibition  of  respiration 
by  irradiation  of  sea  urchin  sperm  increases  when  the  oxygen  uptake  is 
measured  in  the  presence  of  succinate  or  acetate,  substances  that  require 
sulfhydryl  enzymes  for  their  metabolism.  Sea  urchin  eggs  are  more 
resistant  to  the  action  of  X  rays,  yet  inhibition  of  respiration  can  be 
observed  on  irradiation  with  X  rays  down  to  1000  r.  Fertilization  power 
of  sperm,  as  well  as  cell  division  of  eggs,  is  more  sensitive  to  the  action  of 
ionizing  radiations  (Henshaw,  1932,  1940;  Evans  et  at.,  1942). 

Bacterial  cells  and  yeast  have  been  used  extensively  for  the  study  of 
the  mechanism  of  action  of  ionizing  radiations.  These  studies  have  been 
limited,  however,  to  the  viability  of  the  irradiated  cells,  i.e.,  the  power  of 
the  irradiated  cells  to  multiply  when  transferred  in  dilute  solutions  to 
culture  media.  It  was  found  on  plotting  the  logarithm  of  the  "surviving 
fraction"  against  the  irradiation  that  a  more  or  less  straight  line  fitted 
the  data.  The  exponential  "survival"  curve  was  considered  a  necessary 
consequence  of  the  target  theory.  Lacassagne  (1928)  and  Holweck 
(1929)  calculated  the  dimensions  of  this  "target"  or  "zone  sensible," 
and  Lea  et  at.  (1941)  suggested  that  the  target  was  the  gene  of  the  bacteria. 
In  all  these  studies  the  authors  confined  themselves  to  only  one  of  the 
multiple  properties  of  the  cell — the  loss  of  the  multiplication  power  of  the 
microorganisms.  Bacterial  cells  and  yeast  are  very  complicated  organ- 
isms, in  which  are  found,  among  other  things,  a  large  number  of  enzymes 
possessing  the  same  complexity  as  those  found  in  mammalian  tissues. 
Furthermore,  they  are  covered  by  a  semipermeable  membrane  which 
plays  an  important  role  in  their  metabolism.  Ionizing  radiations,  like 
many  other  agents,  will  affect  bacteria  in  any  of  these  multiple  structures. 
The  complexity  of  the  cell  thus  renders  the  "target"  theory  too  simple, 
and  even  the  process  of  inhibition  of  cell  multiplication  by  ionizing  radia- 
tions has  been  found  by  HoUaender  et  at.  (1951)  to  be  decreased  in  the 
absence  of  dissolved  oxygen,  evidence  that  inhibition  is  not  due  entirely 
to  direct  impingement  of  the  ionizing  radiation  on  some  "sensitive  spot." 
X-ray  irradiation  of  Corynebacterium  creatinovorans  (suspensions  of 
10-hour  cultures)  produces  inhibition  of  cell  multiplication  and  of  cell 
respiration.  Whereas  multiplication  proceeds  undisturbed  when  the 
X-ray  dose  is  less  than  1000  r,  cell  respiration  is  slightly  inhibited  (5  per 
cent) .     On  irradiation  with  7000  r  there  are  50  per  cent  inhibition  of  cell 
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multiplication  and  58  per  cent  inhibition  of  respiration  (Tables  5-6  and 
5-7) .  The  respiration  of  the  bacterial  cells  is  more  resistant  to  the  action 
of  ionizing  radiations  when  washed  cells  suspended  in  water  are  irradiated. 
Under  these  conditions  irradiation  with  6000  r  has  no  effect  on  the  endog- 
enous respiration,  whereas  the  respiration  in  the  presence  of  acetate  and 
aspartate  is  inhibited  35  and  10  per  cent,  respectively  (Barron  and 
Gasvoda,  1949b). 

Table  5-6.  Effect  of  X  Rays  on  the  Growth  of  Corynebacterium  creatinovorans 

Irradiated  in  Its  Own  Medium 
(Growth  measured  as  increase  in  turbidity  6  hours  after  irradiation) 


Dose  of  X  rays, 

Turbidity 

Fraction  left 

r 

Control 

Irradiated 

after  irradiation 

7000 

0.978 

0.495 

0.50 

4000 

0.949 

0.723 

0.76 

2000 

1.120 

0.93 

0.83 

1500 

0.90 

0.85 

0.94 

1000 

0.780 

0.76 

0.98 

500 

1.166 

1.155 

0.99 

250 

1.290 

1.295 

1.0 

100 

1.520 

1.520 

1.0 

50 

0.90 

0.90 

1.0 

Table  5-7.  Effect  of  X  Rays  on  Respiration  of  Corynebacterium  creatinovorans, 

Irradiated  in  Its  Own  Culture  Medium 

(Values  give  O2  uptake  in  5  hours) 


X-ray  dose, 

O2  uptake,  mm^ 

Inhibition, 

r 

Control 

Irradiated 

per  cent 

7000 

744.5 

310 

58.4 

4000 

760 

477.5 

38.4 

2000 

687.5 

548 

20.3 

1500 

779.5 

688 

11.7 

1000 

440 

410 

4.5 

500 

864.5 

822 

4.9 

100 

1319 

1279 

3 

50 

960 

888 

7.4 

The  effect  of  ionizing  radiations  on  cell  multiplication  in  yeast  was 
found  to  depend  on  the  degree  of  ploidy  by  Latarjet  and  Ephrussi  (1949) 
and  by  Zirkle  and  Tobias  (personal  communication).  According  to  these 
very  interesting  findings  there  is  only  10  per  cent  "survival"  on  irradia- 
tion of  haploid  cells  with  4000  r  ("survival"  is  defined  as  the  power  of  the 
cells  to  divide  when  placed  in  a  culture  medium),  whereas  there  is  no 
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effect  from  the  same  treatment  of  diploid  cells.  If  ploidy  is  related  to 
nucleic  acid  content,  nucleic  acids  must  play  an  important  role  in  the 
protection  against  the  damaging  effects  of  ionizing  radiations,  and  this 
protection  is  not  confined  to  cell  multiplication  but  extends  to  cell 
metabolism.  As  a  matter  of  fact,  irradiation  with  30,000  r  inhibits  by 
30  per  cent  the  oxygen  uptake  of  haploid  yeast  suspended  in  water  in  the 
presence  of  glucose,  whereas  it  has  no  effect  on  diploid  cells.  The  extent 
of  inhibition  remains  constant  for  24  hours.  Irradiation  of  haploid  cells 
with  10,000  r  has  no  effect  on  the  oxidation  of  glucose,  an  indication  that 
the  cells  lose  the  power  to  multiply  under  these  conditions,  preserving 
intact  their  metabolism.  When  yeast  cells  are  irradiated  in  the  presence 
of  buffers,  the  effect  is  irregular;  there  is  some  protection,  which  obviously 
is  due  to  reaction  with  the  products  of  water  irradiation  (Barron  and 
Seki,  1951). 

Of  the  irradiation  products  of  water  responsible  for  most  of  the  effects 
of  ionizing  radiations,  only  hydrogen  peroxide  is  stable.  However,  on 
irradiation  of  aqueous  solutions  containing  organic  compounds  there 
might  be  formed  organic  peroxides  capable  of  producing  effects  similar  to 
those  of  ionizing  radiations.  There  are,  in  fact,  a  number  of  oxidizing 
agents  and  free-radical-forming  agents  that  simulate  the  effects  produced 
by  such  radiations  (Brues  and  Barron,  1951).  A  number  of  investigators 
have  reported  that  on  irradiation  of  aqueous  solutions,  whether  with 
X  rays  or  with  ultraviolet  light,  there  is  formation  of  some  peroxide  that 
affects  growth,  mutation  rate,  and  metabolism.  Taylor  et  al.  (1933) 
found  inhibition  of  growth  of  protozoa  in  media  previously  irradiated 
with  X  rays;  Stone  et  al.  (1947)  found  increase  in  the  mutation  rate  of 
*S.  aureus  to  penicillin  resistance;  Wyss  et  al.  (1948),  inhibition  of  the 
growth  of  bacteria;  and  Evans  (1947),  inhibition  of  the  fertilizing  capacity 
o|  sea  urchin  sperm.  The  experiments  of  Evans  were  repeated  and  the 
respiration  of  sea  urchin  sperm  suspended  in  X-irradiated  sea  water  was 
measured.  Addition  of  sea  water  irradiated  with  100,000  r  to  sperm 
inhibited  respiration  38  per  cent  and  of  sea  water  irradiated  with  200,000  r, 
70  per  cent.  Inhibition  is  not  affected  by  previous  addition  of  catalase. 
Addition  of  hydrogen  peroxide  at  a  concentration  that  would  be  pro- 
duced on  irradiation  .of  distilled  water  with  100,000  r  (no  measurable 
amount  of  hydrogen  peroxide  is  formed  on  X  irradiation  of  sea  water 
with  100,000  r)  has  no  effect  (Barron,  Flood,  and  Gasvoda,  1949).  The 
mechanism  of  this  inhibition  is  still  unknown.  It  is  not  due  to  organic 
peroxide  formation  because  inhibition  is  also  produced  by  irradiated 
artificial  sea  water  and  by  irradiated  distilled  water  to  which  the  salts 
contained  in  sea  water  are  added  afterwards  (Barron  and  Gasvoda, 
1949c). 

It  has  been  shown  that  thiols  are  very  sensitive  to  the  action  of  ionizing 
radiations,  which  oxidize  them  with  great  efficiency.     Li\'ing  cells  contain 
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free  thiol  groups  of  nonprotein  nature  (glutathione,  cysteine)  and  fixed 
thiol  groups  in  the  side  chain  of  the  protein  molecule.  The  free  groups 
act  as  regulators  of  cell  metabolism  and  in  this  manner  take  part  in  the 
processes  of  cell  division  and  cell  growth;  the  fixed  groups  have  a  large 
number  of  functions  (Barron,  1951).  When  very  small  concentrations  of 
thiol  reagents  are  added  to  cell  suspensions,  the  free  thiol  groups  may  be 
destroyed  mthout  affecting  the  fixed  thiol  groups;  an  increase  in  cellular 
respiration  is  the  consequence.  If  the  concentration  of  thiol  reagent 
is  increased,  the  fixed  thiol  groups  will  also  be  attacked  (sulphydryl 
enzymes),  and  an  inhibition  of  respiration  ^^dll  ensue  (Barron,  Nelson, 
and  Ardao,  1948).  Similar  effects  can  be  observed  on  irradiation  of  sea 
urchin  sperm  and  eggs  if  the  irradiation  dose  and  the  number  of  cells  in  the 
suspension  are  carefully  controlled.  Diminishing  the  dose  of  X  rays  can 
bring  about  an  increase  in  respiration  of  irradiated  sea  urchin  sperm  and 
eggs  while  there  is  still  delay  in  the  cleavage  time  (Table  5-8). 

Tablk  5-8.  Effect  of  X  Rays  on  Respiration  and  Cell  Division  of  Sea  Urchin 

Sperm  and  Eggs 


X-ray  dose, 

Cell 

O2  uptake,  mm^ 

Cleavage  delay  for  50%, 

r 

Control 

X  raj^ 

minutes 

500 

Sperm 

50 

43 

13 

100 

Sperm 

37 

41 

2.5 

25,000 

Eggs 

18.5 

15.4 

32 

1,000 

Eggs 

14.6 

14.1 

10 

500 

Eggs 

8.3 

13.6 

4 

A  striking  resistance  to  the  action  of  X  rays  has  been  observed  by 
Barron  and  Flood  (1949)  in  the  respiration  of  the  ameba  Chaos.  The  rate 
of  respiration  is  not  affected  by  irradiation  with  100,000  r,  although  the 
irradiated  animals  have  their  pseudopodes  retracted  and  have  taken  a 
spherical  shape. 

A  differentiation  between  cell  division  and  enzyme  formation  can  be 
shown  on  X  irradiation  of  strains  of  yeast  (Saccharomyces  cerevisiae)  that 
form  galactozymase  on  addition  of  galactose.  Irradiation  of  these  cells 
with  X-ray  doses  strong  enough  to  inhibit  90  per  cent  of  the  cell  multi- 
plication power  has  no  effect  on  galactozymase  formation  (Brandt  et  al., 
1951). 


EFFECT  OF  IONIZING  RADIATIONS  ON  TISSUE  METABOLISM 

Since  the  introduction  by  Warburg  (1926)  of  reliable  methods  for  the 
measurement  of  metabolism  in  tissue  slices,  numerous  investigators 
studied  the  effect  of  X  rays  on  tissue  metabolism.     The  discrepancies  and 
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contradictions  are,  howe\'er,  so  great  that  it  is  difficult  to  come  to  a 
definite  conclusion  from  the  large  amount  of  published  work.  For 
example,  Laszlo  and  Fleischmann  (1938)  reported  that  the  respiration  of 
nucleated  red  cells  was  reversibly  inhibited  by  X  rays,  Wels  (1924)  found 
no  effect,  and  Frankenthal  and  Back  (1944),  on  irradiation  with  X-ray 
doses  varying  from  500,000  to  1,000,000  r  found  an  increase  in  respiration. 
Some  of  these  discrepancies  may  be  due  to  the  effect  of  environment; 
others,  to  the  state  of  the  health  of  the  irradiated  animals.  The  tem- 
perature of  the  tissues  during  irradiation  was  found  by  Crabtree  (1935)  to 
determine  the  type  of  metabolic  changes  produced  on  irradiation. 

A  large  number  of  papers  reporting  on  the  effect  of  X  irradiation  on 
tissue  metabolism  have  been  limited  to  the  measurement  of  over-all 
reactions,  oxygen  uptake,  and  lactic  acid  formation.  The  oxygen  uptake, 
however,  is  a  function  of  a  large  number  of  oxidations,  any  one  of  which 
may  be  damaged  without  alteration  in  the  oxygen  uptake  unless  this 
oxygen  uptake  is  oriented  toward  the  oxidative  reaction  catalyzed  by  the 
altered  enzyme.  In  fact,  Lyman  and  Barron  (1940)  found  that  when 
nephritis  was  produced  in  rats  with  propylene  glycol,  the  oxygen  uptake 
in  the  absence  of  added  substrate  remained  normal  whereas  it  was 
definitely  diminished  in  the  presence  of  pyruvate,  alanine,  and  lactate. 

Of  all  the  metabolic  reactions  so  far  studied,  the  synthesis  of  nucleic 
acids  seems  to  be  the  most  sensitive  to  the  action  of  ionizing  radiations,  an 
inhibition  discovered  by  Hevesy  (1945)  and  confirmed  by  Holmes  (1947, 
1949).  This  inhibition  had  previously  been  suggested  by  Marshak  (1941) 
from  experiments  on  the  rate  of  incorporation  of  P^^.  In  rats  bearing 
Jensen  sarcoma,  X  irradiation  with  a  few  hundred  roentgens  reduced  the 
rate  of  formation  of  desoxyribonucleic  acid  to  one-half.  Holmes  (1949) 
found  that  irradiation  of  such  rats  with  2000  r  reduced  by  75  per  cent  the 
rate  of  incorporation  of  P^^  into  the  desoxyribonucleic  acid  of  the  sarcoma. 
Ionizing  radiations  block  the  turnover  of  desoxyribonucleic  and  ribo- 
nucleic acids  not  only  in  growing  tissues  but  also  in  normal  organs  of 
adult  animals  (Hevesy,  1948).  Considerable  quantitative  variation  in 
individual  experiments  results  from  the  known  difficulty  of  removing  P^^ 
contamination  from  the  isolated  tissue  fractions.  Abrams  (1951)  has 
repeated  these  experiments  with  glycine  labeled  in  the  carboxyl  group 
with  C^l  The  rates  of  synthesis  of  desoxy  and  ribonucleic  acids  is 
markedly  reduced  by  X  irradiation.  In  marked  contrast  with  this 
inhibition  the  synthesis  of  proteins  is  not  affected.  Similarly,  glycolysis 
and  respiration  of  the  bone  marrow  of  the  rabbit  is  not  affected  6  hours 
after  X  irradiation  (Lutwak-Mann  and  Gunz,  1949) .  Inhibition  of  nucleic 
acid  synthesis  is  not  due  wholly  to  direct  collision  between  the  enzymes 
responsible  for  this  process  and  the  ionizing  radiations.  In  animals 
bearing  two  tumors,  irradiation  of  one  while  the  second  is  shielded  causes 
inhibition  of  nucleic  acid  synthesis  in  both  tumors  (Ahlstrom  et  al.,  1945). 
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Furthermore,  blood  transfusion  from  an  irradiated  rabbit  (7500  to 
10,000  r)  to  a  nonirradiated  rabbit  also  produces  in  the  kidneys  of  the 
recipient  a  definite  inhibition  of  nucleic  acid  synthesis  (Ahlstrom  et  al., 
1946).  These  experiments,  which  demonstrate  the  indirect  action  of 
ionizing  radiations,  have  been  confirmed  by  Holmes  (1949),  who  found 
75  per  cent  inhibition  on  direct  irradiation  and  50  per  cent  on  indirect 
irradiation.  These  results  are  in  agreement  with  those  of  Thoday  and 
Read  (1947)  who  found  that  the  frequency  of  chromosome  aberration  of 
X  irradiation  of  the  root  tips  of  Vicia  faha  is  decreased  in  the  absence  of 
oxygen.  On  the  other  hand,  oxygen  has  little,  if  any,  influence  on  the 
effectiveness  of  a  rays. 

Perhaps  the  most  effective  agent  for  the  production  of  these  inhibitions 
is  the  hydrogen  peroxide  produced  on  X  irradiation  of  aqueous  solutions 
saturated  with  oxygen,  since  the  ionic  yield  of  H2O2  formation  goes  down 
to  zero  in  the  absence  of  oxygen  on  X  irradiation  and  remains  unchanged 
on  a-r&y  irradiation. 

Very  little  has  been  learned  from  the  in  vitro  irradiation  of  tissue  slices 
and  the  measurement  of  their  metabolism  afterwards.  The  tissues  under 
these  conditions  are  in  a  closed  system,  and  there  is  no  free  and  ready 
circulation  of  the  extracellular  fluids  which  might  carry  products  of 
irradiation.  Radiation  of  tumor  tissues  (irradiation  with  110  mg  of 
RaBr2-2H20  for  3  to  7  hours)  at  37.5°C  produces  a  selective  inhibition  of 
respiration  in  a  period  during  which  its  glycolysis — aerobic  and  anaerobic 
— remains  relatively  unaffected.  Similar  irradiation  at  10°C  inhibits 
glycolysis,  whereas  it  leaves  respiration  normal  (Crabtree,  1935).  There 
is  also  increased  formation  of  ammonia  (Crabtree,  1936),  probably 
through  protein  breakdown.  The  retina  irradiated  at  low  temperatures 
shows  inhibition  of  glycolysis  to  a  greater  extent  than  tumors.  Inhibition 
starts  immediately  after  application  of  radiation  and  increases  with  the 
time  of  exposure  to  a  maximum  of  70  per  cent  with  10,000  r.  Half- 
inhibition  is  obtained  with  about  2500  r  (Crabtree  and  Gray,  1939). 

The  effect  of  X  rays,  given  in  a  single  dose  to  rats  by  body  irradiation 
at  doses  varying  from  900  to  100  r,  on  the  respiration,  glycolysis,  and  rate 
of  oxidation  of  a  number  of  substrates  was  studied  by  Barron  (1946a). 
The  measurements  were  performed  on  tissue  slices  of  spleen,  liver,  kidney, 
thymus,  adrenals,  testis,  submaxillary  glands,  and  small  intestine 
obtained  from  animals  sacrificed  at  different  intervals  after  irradiation. 
The  respiration  of  most  of  these  tissues  is  diminished  soon  after  irradia- 
tion (Table  5-9).  Adrenals  are  a  striking  exception;  the  respiration  in 
this  tissue  is  increased  soon  after  irradiation,  and  does  not  decrease  until 
the  third  day  after.  Inhibition  of  the  oxygen  uptake  is  increased  when 
measurements  are  made  in  the  presence  of  pyruvate,  succinate,  D-amino 
acids,  and  L-glutamate,  substrates  all  requiring  sulfhydryl  enzymes  for 
their  oxidation.     Of  these  substrates  pyruvate  oxidation  is  the  most 
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susceptible,  and  amino  acid  oxidation  comes  next.  The  rate  of  absorp- 
tion of  glucose  by  the  small  intestines  is  decreased  soon  after  irradiation, 
inhibition  being  proportional  to  the  irradiation  dose  in  the  range  500  to 
50  r.  At  the  same  time  there  is  inhibition  of  respiration,  whereas  glycol- 
ysis remains  unaffected.  On  irradiation  with  500  r,  inhibition  persists 
throughout  the  duration  of  the  experiments  (four  days) ;  on  irradiation 
with  50  r,  respiration  comes  back  to  normal  5  hours  after  irradiation. 

Table  5-9.  Effect  of  X  Rays  on  Respiration  of  Tissues  (Q02  Values)  Soon 

AFTER  Irradiation 


X-ray  dose, 

Inhibition  of  respiration,  per  cent 

r 

Spleen 

Liver 

Kidney 

Adrenals 

Testis 

Intestine 

800 

42 

17 

11 

None 

37 

400 

33 

6 

17 

200 

37 

6 

None 

100 

12 

None 

31 

PROTECTION  AGAINST  IONIZING  RADIATIONS.     REACTIVATION 

Protection  of  a  given  system  in  solution  against  the  effects  of  ionizing 
radiations  by  addition  of  other  systems  has  been  known  for  a  long  time 
(Fricke  and  Washburn,  1932).  Dale  (1943)  was,  however,  the  first  who 
attempted  a  study  of  this  phenomenon  by  the  addition  of  the  "protecting 
agent"  to  carboxypeptidase.  He  found  that  a  number  of  organic  sub- 
stances (proteins,  sugars,  amino  acids)  as  well  as  inorganic  substances 
may  prevent  inhibition  of  the  enzyme  by  X  irradiation.  No  attempt  was 
made  to  interpret  this  effect,  except  by  presenting  it  as  evidence  of  the 
indirect  action  of  radiations.  It  has  been  shown  that  the  indirect  action 
is  mainly  due  to  oxidation  by  the  OH  and  OoH  radicals  and  by  H2O2. 
The  oxidation-reduction  potentials  of  these  oxidizing  agents  is  so  high 
(Gurin,  1940)  that  in  theory  any  reducing  agent  could  be  used  to  protect 
a  solute  from  the  indirect  action  of  moderate  radiation  doses.  There 
are,  however,  some  substances  that  are  not  readily  attacked  by  H2O2  or 
by  O2H  (ferrocytochrome  c,  for  example,  is  not  oxidized  by  O2H  radicals 
or  by  H2O2).  The  presence  of  electronegative  groups  close  to  the  group 
that  is  going  to  be  oxidized,  as  well  as  other  factors,  may  produce  steric 
hindrances  that  alter  the  rate  of  reaction  with  the  oxidizing  agents  just 
mentioned  (Barron,  Miller,  and  Kalnitsky,  1947).  The  effective  pro- 
tective agent  must  be  a  substance  readily  oxidized  by  the  three  oxidizing 
agents  but  one  that  is  not  easily  oxidized  by  atmospheric  oxygen ;  other- 
wise the  protecting  power  would  be  quickly  lost.  Thiol  compounds  that 
are  sluggish  oxidation-reduction  systems  fulfill  these  criteria;  their  high 
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ionic  yield  (Table  5-1)  upon  oxidation  by  ionizing  radiations  is  proof  for 
this  contention.  Furthermore,  there  is  in  some  living  cells  an  enzyme, 
glutathione  reductase,  which  reduces  one  of  these  thiols  (glutathione), 
bringing  it  back  to  its  active  state  (Conn  and  Vennesland,  1951). 

Protection  of  enzymes  with  glutathione  was  reported  by  Barron 
(1946b),  who  at  that  time  advocated  the  use  of  thiols  as  protection  against 
the  effects  of  ionizing  radiations.  Not  only  sulfhydryl  enzymes  are  pro- 
tected, but  jionsulfhydryl  enzymes  as  well  (Holmes,  1950).  The  prac- 
tical application  was  reported  by  Patt  et  al.  (1949)  and  by  Chapman  et  al. 
(1949),  who  protected  rats  against  lethal  doses  of  X  radiation  by  previous 
injection  of  cysteine  or  glutathione. 

A  simple  test  for  predicting  the  protective  power  would  be  to  measure 
the  ionic  yield  of  the  substance  on  irradiation  and  its  rate  of  autoxidation, 
since  the  products  in  these  cases  may  be  regarded  as  substances  akin  to 
antioxidants. 

The  experiments  with  sulfhydryl  enzymes  have  shown  that  thiol  com- 
pounds can  also  produce  reactivation  of  the  irradiated  enzyme.  How- 
ever, oxidation  of  other  oxidizable  groups  of  protein  molecules  is  not 
reversed  by  thiols,  and  in  such  cases  other  agents  have  to  be  looked  for. 
Thiol  compounds  may  protect  from  the  indirect  action  of  ionizing  radia- 
tion and  may  reactivate  sulfhydryl  enzymes  inhibited  by  irradiation,  but 
they  cannot  be  effective  therapeutic  agents. 

If  protein  denaturation  has  occurred,  there  is  no  course  left  (since  this 
is  an  irreversible  reaction)  but  to  provide  the  organism  with  means  for  an 
accelerated  rate  of  protein  synthesis. 

It 
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CHAPTER    O 

The  Radiobiological  Importance  of  Linear  Energy  Transfer 

Raymond  E.  Zirkle 
Institute  of  Radiobiology  and  Biophysics,  University  of  Chicago 

Introduction.  Experimental  variation  of  linear  energy  transfer.  Estimation  of  dose: 
X  and  gamma  rays — Beta  rays — Fast  neutrons — Alpha  particles.  Results  of  the  avail- 
able investigations:  Explanation  of  Table  6-1.  Discussion  of  results:  Cases  of  no  change 
in  effectiveness — Coses  of  decrease  in  effectiveness  with  increase  in  linear  energy  transfer — 
Cases  of  increase  in  effectiveness  with  increase  in  linear  energy  transfer — Cases  of  effective- 
ness passing  through  a  maximum — Cases  in  which  dose-effect  curves  change  shape — 
Influence  of  linear  energy  transfer  and  the  nature  of  the  irradiated  object — Additivity  of 
radiations  of  different  linear  energy  transfer — Theoretical  implications  of  the  observed 
influence  of  linear  energy  transfer.     References. 

INTRODUCTION 

When  a  cell  or  organism  is  exposed  to  any  high-energy  (ionizing)  radia- 
tion, ions  and  excited  molecules  are  not  formed  singly  and  at  random 
throughout  the  cell  or  organism,  but  are  localized  in  tracks  of  high-energy 
particles.  These  tracks,  so  clearly  demonstrated  in  gases  by  means  of  the 
Wilson  cloud  chamber,  are  produced  by  all  speedy  charged  particles  (elec- 
trons, mesons,  atomic  nuclei).  The  total  volume  of  the  tracks  formed, 
even  by  very  injurious  doses  of  radiation,  is  a  small  fraction  of  the  total 
volume  of  the  cell  or  organism. 

So  far  as  is  known,  the  properties  of  the  ions  which  are  produced  along 
an  ionization  track  are  independent  of  the  properties  of  the  high-energy 
particle.  This  is  also  true  of  the  excited  molecules,  i.e.,  those  activated 
to  states  lower  than  ionization.  On  the  other  hand,  the  hnear  spacing 
of  the  ion  pairs  and  excited  molecules  along  the  tracks  varies  widely  with 
the  velocity  and  charge  of  the  ionizing  particles. 

The  linear  spacing  of  the  ions  is  customarily  discussed  in  terms  of  its 
reciprocal,  the  specific  ionization  or  linear  ion  density,  i.e.  the  number  of 
ion  pairs  formed  per  unit  length  of  track.  In  gases  this  quantity  can  be 
determined  by  straightforward  physical  methods.  In  tissue,  however, 
it  must  be  obtained  by  dividing  the  energy  released  per  unit  length  of  the 
particle's  track  by  the  tissue's  energy  gain  per  ion  pair  produced.  This 
latter  quantity  is  frequently  assumed  to  be  roughly  the  same  as  that 
observed  in  air  (35  ev  per  ion  pair  for  slow  particles,  32.5  for  others)  but 
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actually  is  not  known.  Moreover,  the  term  "specific  ionization"  empha- 
sizes the  importance  of  the  ions  to  the  exclusion  of  the  excited  molecules, 
which,  so  far  as  currently  known,  may  also  play  significant  roles  in  radio- 
biological mechanisms.  In  view  of  these  uncertainties,  it  appears  pref- 
erable to  discuss  the  distribution  of  physical  events  along  the  tracks  in 
terms  of  energy  transferred,  rather  than  of  ion  pairs  formed,  per  unit 
length  of  track.  In  this  paper,  this  quantity  will  be  designated  the  linear 
energy  transfer,^  be  abbreviated  to  LET,  and  be  expressed  as  thousands  of 
electron  volts  per  micron  (kev//i)  of  tissue. 

Within  the  last  three  decades,  numerous  radiobiological  investigations 
have  been  carried  out  with  two  or  more  radiations  differing  in  average 
LET,  and  in  a  large  fraction  of  these  experiments  it  has  been  found  that 
the  total  dose  (energy  absorbed  per  unit  mass  of  tissue)  required  to  pro- 
duce a  standard  degree  of  a  given  biological  effect  is  not  constant  but  may 
vary  considerably  with  LET. 

All  these  experiments  obviously  involve  two  physical  requirements: 
(1)  practical  sources  of  at  least  two  radiations  which  produce  tracks 
differing  in  LET;  (2)  methods  of  estimating,  in  some  common  unit,  the 
doses  delivered  wdth  each  type  of  radiation.  The  usual  means  of  meeting 
these  requirements  and  the  degree  of  success  attained  will  be  indicated 
briefly  in  the  next  two  sections. 

EXPERIMENTAL  VARIATION  OF  LINEAR  ENERGY  TRANSFER 

The  linear  energy  transfer  along  a  particle's  track  varies  as  the  square 
of  its  charge;  for  instance,  the  LET  from  an  a  particle  is  four  times  that 
from  a  proton,  deuteron,  or  electron  of  the  same  instantaneous  velocity. 
LET  also  increases  as  the  particle's  speed  decreases;  it  therefore  varies 
greatly  along  any  individual  track  and  is  maximal  near  the  end. 

There  are  two  general  ways  of  obtaining  a  variation  of  LET  for  exper- 
imentation. The  first,  basically  the  simpler,  is  to  use  a  beam  of  particles 
that  have  straight  tracks  and  uniform  initial  speed  and  allow  them  to 
traverse  various  samples  of  the  biological  object  with  selected  portions  of 
their  tracks  to  which  the  desired  values  of  LET  pertain  (Zirkle,  1935, 
1940;  Zirkle  and  Tobias,  1953).  This  method  is  obviously  restricted  to 
biological  objects  whose  dimensions  are  small  compared  to  the  range  of 
the  particles  in  tissue.  Within  this  limitation,  it  is  extremely  satisfactory 
because  each  experimental  value  of  LET  has  a  very  small  spread.  This 
may  conveniently  be  termed  the  track-segment  method.  It  has  not  yet 
been  widely  used  because,  only  with  very  high-energy  accelerators  such 
as  the  synchrocyclotron,  can  a  wide  range  of  values  of  LET  be  obtained. 

1  Numerically  identical  expressions  are  linear  energy  absorption  (Zirkle,  1940)  and 
linear  rate  of  energy  loss,  each  directing  attention  to  only  one  aspect  of  the  linear 
energy  transfer. 
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The  second  method  may  be  termed  the  track-average  method.  Here, 
instead  of  allowing  only  a  selected  linear  portion  of  each  track  to  traverse 
the  object,  either  the  entire  track  is  spent  in  the  object  or  random  hnear 
portions  of  different  tracks  traverse  it.  This  results  in  a  spread,  usually 
great,  of  the  value  of  LET.  If  the  particles  are  initially  uniform  in 
energy,  the  spread  extends  from  the  maximal  value  at  the  ends  of  the 
tracks  to  some  lower  value,  which  depends  on  the  nature  and  energy  of 
the  particles,  at  the  beginnings  of  the  tracks.  This  heterogeneity  in  most 
cases  is  increased  by  nonuniformity  of  initial  energies  of  the  individual 
particles,  so  that  LET  extends  over  a  wide  and  sometimes  complex  spec- 
trum. For  brevity  some  average  value  must  be  used ;  this  is  customarily 
the  mean,  i.e.,  the  total  energy  transferred  along  a  large  number  of  tracks 
divided  by  the  total  length  of  these  tracks.  Different  mean  values  of 
LET  are  obtained  by  selecting  radiations  with  suitably  different  spectra 
of  LET. 

With  currently  available  equipment  LET  can  be  varied  continuously 
from  about  0.25  kev//i  (a  singly  charged  particle  traveling  with  a  velocity 
approaching  that  of  light)  to  about  260  kev/^i  (the  end  of  an  a-particle 
track).  There  is  no  chance  of  substantially  extending  this  range  toward 
lower  values  because  the  theoretical  minimum  is  about  0.2  kev//x  (Gray, 
1947).  Above  this  range,  Tobias  (personal  communication)  has  recently 
used  a  beam  of  accelerated  carbon  ions  whose  LET  is  about  four  times 
that  of  a  particles.  Fission  fragments  (LET  «  6000  kev/fi)  are  also 
available  for  certain  types  of  experiment  but  have  not  yet  been  used  in 
investigations  pertinent  to  this  paper.  Theoretically  higher  values  are 
attainable,  the  maximum  being  the  LET  of  a  low-velocity  nucleus  of 
greatest  available  atomic  number  (currently  berkelium,  Z  =  98).  Avail- 
ability of  such  values  of  LET  appears  unlikely  in  the  foreseeable  future. 

In  the  investigations  reviewed  here,  the  following  radiations  have  been 
used : 

A.  Fast  electrons  or  radiations  which  produce  them. 

1.  Hard  13  rays  (mean  energy,  0.4  Mev  or  higher;  mean  LET,  0.28 
kev/ju  or  less). 

2.  Hard  y  rays  (e.g.,  those  of  Ta^^^  or  of  RaB  +  RaC  with  0.5  mm 
platinum  filter)  which  ionize  almost  entirely  by  Compton  recoil 
electrons  (mean  LET,  about  0.35  kev/n,  depending  on  filtration 
and  other  factors). 

3.  X  rays  of  various  wave  lengths.  With  the  usual  tube  voltages, 
average  LET  of  the  ejected  electrons  is  considerably  less  than 
that  of  those  ejected  by  y  rays.  For  very  hard  X  rays  (0.05  A 
or  less),  which  produce  practically  100  per  cent  Compton  recoil 
electrons,  the  mean  LET  increases  with  wave  length.  The  same 
is  true  for  soft  X  rays  (0.4  A  or  greater),  which  produce  practi- 
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cally  100  per  cent  photoelectrons.  In  the  intermediate  range 
(0.05  to  0.4  A,  roughly),  where  both  the  photo-  and  Compton 
electrons  make  significant  contributions,  the  situation  is  complex 
(Mayneord,  1934;  Lea,  1947a).  The  mean  LET  passes  through 
a  maximum  in  the  vicinity  of  0.1  A,  and  then,  with  increasing 
wave  length,  decreases  to  a  nearly  constant  value  which  is  main- 
tained between  0.2  and  0.4  A.  Values  of  mean  LET  which  have 
been  obtained  with  X  rays  in  pertinent  experiments  vary  from 
about  0.5  kev/fjL  (highly  filtered  1000  kv  radiation)  to  15  kev/n 
(8.3  A  radiation). 
B.  Fast  atomic  nuclei  or  radiations  which  produce  them. 

4.  Fast  neutrons.  These  rays  activate  molecules  preponderantly 
•by  means  of  light  nuclei  which  they  eject  from  atoms  of  the  bio- 
logical material.  Since  the  predominant  atoms  in  soft  tissues 
are  hydrogen,  oxygen,  nitrogen,  and  carbon  their  nuclei  are  the 
ones  of  interest.  Moreover,  since,  in  a  soft  tissue  of  a\^erage 
water  content,  the  hydrogen  atoms  outnumber  the  carbon,  nitro- 
gen, and  oxygen,  taken  together,  by  a  ratio  of  about  1.7:1,  and 
since  the  average  energy  transfer  from  a  fast  neutron  to  a  hydro- 
gen nucleus  is  far  greater  than  to  any  of  the  other  nuclei 
mentioned,  the  proton  takes  a  place  of  special  importance.  The 
individual  proton  tracks  are  unequal  in  length  and  therefore  in 
mean  LET.  The  mean  LET  of  the  whole  population  of  tracks 
has  varied  in  different  investigations  from  about  8  to  43  kev/^i, 
depending  on  the  neutron  energy  spectrum. 

5.  a  Particles.  To  date  only  the  a  particles  from  polonium  and 
from  radon  -|-  RaA  -|-  RaC  have  been  used  in  pertinent  inves- 
tigations, although  other  good  a  emitters  exist  (e.g.,  plutonium). 
For  all  a  particles,  the  maximum  LET  is  about  260  key/ fi.  The 
minimum  for  those  from  polonium  is  95,  and  the  mean  is  135. 
The  mean  for  those  from  Rn  -\-  RaA  +  RaC  is  120. 

6.  Accelerated  deuterons  and  helium  nuclei.  These  have  been  used 
to  obtain,  by  the  track-segment  method,  values  of  LET  ranging 
from  0.6  kev/^t  (190  Mev  deuterons)  to  44  kev/fx  (relatively  slow 
helium  nuclei).  (Higher  values  of  uniform  LET,  up  to  260 
kev/n,  could  be  obtained  by  using  initially  less  energetic  helium 
nuclei.) 

ESTIMATION  OF  DOSE 

At  present  the  most  acceptable  method  of  expressing  doses  of  all  the 
various  types  of  ionizing  radiations  is  in  terms  of  energy  absorbed  per 
unit  mass  of  biological  material. 

X  and  Gamma  Rays.  The  commonly  accepted  method  of  estimating 
the  amount  of  energy  absorbed  per  unit  mass  of  tissue  from  the  electrons 
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set  in  motion  by  X  rays  is  based  upon  ionization  measurements  in  air. 
The  accepted  unit  of  air  ionization  is  the  roentgen  (r),  which  was  defined 
in  1927  for  X  rays  and  redefined  in  1937  for  both  X  rays  and  7  rays  by 
international  committees.  According  to  the  definition  of  1937,-  "the 
roentgen  shall  be  the  quantity  of  X  or  7  radiation  such  that  the  associated 
corpuscular  emission  per  0.001293  g  of  air  produces,  in  air,  ions  carrying 
1  esu  of  ciuantity  of  electricity  of  either  sign."  This  corresponds  to 
2.08  X  10^  ion  pairs  per  0.001293  g  of  air,  or  1.61  X  lO^^  ion  pairs  per 
gram.  Since  the  average  energy  absorbed  by  air,  per  ion  pair  produced 
by  electrons,  is  32.5  electron  volts,  the  energy  absorbed  per  gram  of  air 
per  roentgen  is  5.24  X  10^^  electron  volts  (83.8  ergs).  From  this  value 
the  energy  absorbed  per  gram  of  tissue  from  a  given  photon  beam  of 
known  spectrum  can  be  calculated  if  the  atomic  composition  of  the 
tissue  is  known.* 

Beta  Rays.  In  the  pertinent  |8-ray  investigations  the  source  of  radia- 
tion has  been  P*^  or  radium  (sometimes  radon)  in  equilibrium  with  its 
/3-emitting  decay  products. 

Three  methods  of  dosage  estimation  have  been  used.  In  one  the  ion- 
ization per  unit  mass  of  air  is  directly  measured  by  means  of  special  small 
ionization  chambers  with  thin  walls  containing  only  elements  of  low 
atomic  number  (Crabtree  and  Gray,  1939;  Zimmer  et  al.,  1937).  The 
energy  absorbed  in  tissue  is  then  calculated  from  the  energy  absorbed  in 
air  and  the  stopping  power  of  tissue  relative  to  air. 

The  second  method  (Lea  et  al.,  1936)  is  not  so  direct.  First,  the 
number  of  ^  particles  traversing  a  small  volume  of  air  at  the  position  of 
the  biological  material  is  calculated  from  the  /3  emission  and  the  geo- 
metrical relationships  between  the  radon  source  and  the  irradiated 
material.  This  calculated  number  of  13  particles  is  then  multiplied  by 
an  estimated  average  value  for  the  ionization  per  5  track  in  the  selected 
small  volume  of  air.  From  the  product  of  these  two  quantities  the 
ionization  per  unit  volume  of  air  is  calculated,  and  transition  from  ioniza- 
tion in  air  to  energy  absorbed  in  tissue  is  then  made  as  above. 

The  third  method  (Raper  et  al.,  1951)  is  similar  to  the  first  except  that 
the  ionization  in  air  is  directly  measured  by  means  of  an  extrapolation 
chamber  (Failla,  1944). 

2  See  Am.  J.  Roentgenol.  Radium  Therapy,  39:  295-298  (1938). 

3  Sometimes  the  absorption  coefficients  of  air  and  of  certain  atoms  in  tissue  vary 
with  wave  length  to  considerably  different  degrees.  For  example,  in  a  tissue  of  fairly 
representative  atomic  composition  the  energy  absorbed  in  tissue  per  roentgen  may 
vary  as  much  as  15  per  cent  when  the  effective  wave  length  is  varied  from  0.014  A 
(Ra  7  rays)  to  0.363  A  (soft  X  rays)  (Lasnitzki  and  Lea,  1940).  If  the  tissue  of 
interest  contains  an  exceptionally  large  amount  of  atoms  heavier  than  oxygen  (e.g., 
skin,  which  is  high  in  sulfur),  the  variation  of  energy  absorption  with  wave  length  may 
be  much  greater  (Gray,  1940). 
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Fast  Neutrons.  Neutron  dosimetry  has  been  carried  out  by  means  of 
small  air-filled  ionization  chambers  with  walls  of  low  atomic  number 
(e.g.,  carbon,  "  Aerion,"  or  Bakelite).  The  relation  between  the  observed 
ionization  in  the  air  of  the  chamber  and  the  energy  absorption  in  tissues 
varies  with  many  factors,  including  the  wall  material.  With  certain 
carbon-walled  chambers  Gray  and  Read  (1939)  calculated  that  an 
exposure  producing  1  esu/cc  of  ionization  in  air  would  transfer  to  unit 
volume  of  tissue  the  same  energy  as  7  r  of  7  rays.  With  the  Aerion 
chamber  the  corresponding  value  is  about  2  (1.8  according  to  Zimmer, 
1938;  2.1  according  to  Gray  and  Read,  1939).  In  the  United  States  the 
instrument  almost  universally  used  has  been  the  Victoreen  condenser 
r  meter,  the  chamber  of  which  has  Bakelite  walls.  This  instrument  is 
calibrated  in  r  for  X  rays,  and  the  custom  has  been  to  use  its  100-r 
chamber  for  measurements  of  fast  neutrons  in  n  units,  1  n  being  the 
amount  of  neutron  radiation  which  produces  the  same  scale  reading  as 
1  r  of  X  rays.*  The  number  of  r  of  X  rays  which  produces  the  same 
amount  of  tissue  energy  absorption  as  1  n  of  neutrons  has  not  yet  been 
established  with  precision.  Aebersold,  who  has  investigated  this  matter 
in  detail,  states  that  his  measurements  indicate  a  value  of  2  r,  but  that 
certain  sources  of  error  which  are  difficult  to  evaluate  might  increase  this 
to  2.5  r  (Aebersold  and  Lawrence,  1942).  The  latter  figure  has  been  used 
in  this  paper  in  order  that  the  effectiveness  of  fast  neutrons  relative  to 
other  radiations  may  be  set  conservatively  low.^ 

Alpha  Particles.  Two  types  of  a-particle  source  have  been  used: 
polonium  deposited  on  a  metal  disc ;  radon  and  its  short-lived  a-emitting 
decay  products  (RaA,  RaC')  introduced  into  the  culture  medium. 

Polonium  sources  have  been  used  only  in  investigations  of  very  small 
biological  objects,  usually  single-celled  forms,  because  of  the  low  penetra- 
tion of  the  polonium  a  particles  (about  39  jx  in  water).  To  determine  the 
energy  absorption  in  the  cells,  one  first  measures  the  number  of  a  particles 
emitted  per  unit  time  per  unit  surface  of  the  metal  disc.  This  is  done 
either  by  an  ionization  method  (Lea  et  al.,  1936),  by  a  scintillation  method 
(Zirkle,  1940),  or  by  means  of  a  proportional  counter.  Then,  from  the 
geometrical  relations  between  source  and  cells,  one  calculates  the  number 
of  particles  traversing  unit  area  in  unit  time  at  the  position  of  the  cells. 
This  number  is  then  multiplied  by  the  exposure  time  and  by  the 
average  energy  absorbed  per  unit  length  of  track  in  the  cell,  the  latter 
quantity  determined  from  the  known  LET  in  air  and  the  ratio  of  the 

*  There  is  considerable  variation  in  the  response  of  different  100-r  chambers  to  the 
same  beam  of  fast  neutrons — as  much  as  20  per  cent  in  our  experience.  This  necessi- 
tates the  use  of  some  one  chamber  as  a  standard. 

^  Fast  neutron  dosimetry  should  become  much  more  satisfactory  with  the  develop- 
ment of  thimble  chambers  in  which  both  wall  and  gas  have  approximately  the  atomic 
composition  of  tissue  (Failla  and  Rossi,  1950;  Rossi  and  Failla,  1950). 
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stopping  power  of  tissue  (approximately  that  of  liquid  water)  to  the 
stopping  power  of  air.  The  result  is  the  energy  absorption  per  unit 
volume. 

When  radon  is  introduced  into  the  culture  medium,  the  determination 
of  energy  absorption  in  the  biological  material  can  be  determined  only  by 
taking  precautions  too  numerous  and  complicated  to  detail  here  (Zirkle, 
1936).  Gray  and  Read  (1942)  have  discussed  and  thoroughly  investi- 
gated this  matter. 

RESULTS  OF  THE  AVAILABLE  INVESTIGATIONS 

In  view  of  the  large  number  of  pertinent  investigations,  no  attempt 
will  be  made  to  discuss  any  of  them  in  detail.  The  results  are  tabulated 
in  Table  6-1.  In  Figs.  6-1  and  6-2  are  plotted  the  results  of  investiga- 
tions which  covered  wide  variation  of  LET. 
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Fig.   6-1.   Variation   of  biological   effectiveness   with   linear  energy  transfer   (LET). 
Further  data  in  Table  6-1  as  follows:  haploid  yeast,  item  23;  diploid  yeast,  item  22; 
vegetative  bacteria,  item  16;  bacterial  spores,  item  17;  fibroblasts,  item  46. 
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Fig.  6-2.  Variation  of  biological  effectiveness  with  linear  energy  transfer  (LET). 
Further  data  in  Table  6-1  as  follows:  Stichococcus,  item  25;  fern  spore,  item  30;  bean 
root  (lethal  action),  item  80;  bean  root  (mitosis),  item  81. 

Although  complete  coverage  of  the  literature  has  not  been  attempted, 
an  effort  has  been  made  to  include  in  Table  6-1  a  fair  sampling  of  the 
available  experiments  in  which  a  clear  influence  of  LET  was  observed. 
Also  included  in  Table  6-1  are  investigations  in  which  LET  was  varied 
as  much  as  a  factor  of  5,  regardless  of  the  relative  effectiveness  observed. 
A  number  of  investigations  which  do  not  fall  in  either  of  these  two  cate- 
gories are  not  tabulated  but  are  distinguished  by  daggers  in  the  bibliog- 
raphy. Many  papers  were  examined  but  not  used,  for  one  or  both  of  the 
following  reasons:  (1)  Most  papers  appearing  before  the  adoption  of  the 
international  roentgen  in  1927  have  been  omitted  because  of  uncertainty 
concerning  identical  response  of  measuring  devices  to  radiations  of 
different  quality.  (2)  Many  papers  dealing  with  skin  have  been  omitted 
because  of  uncertainties  involved  in  the  determination  of  energy  absorbed 
in  the  tissues  of  interest  or  because  of  inadequate  numbers  of  individuals 
investigated. 

Explanatio7i  of  Table  6-1.  Table  6-1  consists  of  eight  columns.  The 
first  contains  item  numbers,  to  be  used  for  reference  to  the  various  experi- 
ments. The  second  lists  the  various  objects  or  systems  which  were 
investigated.  These  are  arranged  in  a  roughly  "taxonomic"  order,  as 
follows:  water  and  simple  aqueous  solutions;  proteins  and  other  colloids, 
including  enzymes;  viruses,  including  bacteriophages;  bacteria;  yeast 
cells;  unicellular  algae;  higher  fungi;  ferns;  worms  (Ascaris);  insects  (Dro- 
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sophila) ;  salamanders ;  birds  (chickens) ;  laboratory  mammals ;  humans ; 
seed  plants. 

In  the  third  column  are  listed  the  qualitative  effects  which  were  studied 
and  measured.  In  the  fourth  are  briefly  described  the  various  radiations 
used.  For  brevity,  the  notation  7  ("  Ra  ")  is  used  to  designate  the  7  radi- 
ation from  a  radium  or  radon  source  filtered  with  as  much  as  0.5  mm  of 
platinum  or  its  approximate  ecjuivalent.  (The  7  rays  are  emitted  by 
decay  products  of  radon.)  Likewise  the  notation  jS  ("Ra")  designates 
hard  /3  rays  from  a  thin-walled  radium  or  radon  source.  Monochromatic 
X  rays  are  designated  by  their  wave  lengths  in  angstroms.  Hetero- 
chromatic  X  rays  are  designated  by  their  effective  wave  lengths  or  by 
the  kilovoltage.  Fast  neutrons  are  listed  as  "fn"  and  slow  neutrons  as 
"sn."  The  nuclear  reactions  used  in  generating  the  fast  neutrons  are 
indicated  in  parentheses,  e.g.,  "  (Be  +  d)  "  for  beryllium  bombarded  with 
deuterons. 

In  column  5  are  listed  the  values  of  LET  corresponding  to  the  radiations 
entered  in  column  4.  These  figures  have  been  calculated  from  the  data 
tabulated  by  Lea  (1947a)  and  by  Gray  (1947)  and  are  subject  to  the 
uncertainties  emphasized  by  these  authors.  Unless  stated  otherwise, 
they  are  mean  values  (track-average  method).  For  fast  neutrons  the 
mean  value  of  LET  obtained  by  a  given  nuclear  reaction,  e.g.,  Be  -f-  d, 
depends  on  the  kinetic  energy  of  the  bombarding  particles.  For  X  rays 
generated  at  a  given  kilovoltage,  the  mean  LET  depends  on  filtration 
and  other  variables.  These  various  factors  have  been  taken  into  account 
so  far  as  the  authors'  data  permit. 

In  column  6  are  entered  the  relative  values  of  effectiveness  of  the  radia- 
tions listed  in  column  4.  For  each  item  (column  1)  these  effectiveness 
numbers  are  inversely  proportional  to  the  doses  required  to  produce  a 
standard  amount  of  effect,  the  effectiveness  of  the  radiation  of  lowest 
LET  (column  5)  being  set  equal  to  unity  (except  in  item  1).  In  most 
cases  no  correction  has  been  made  for  variation  of  energy  absorption  per 
roentgen  with  the  type  of  radiation  (Lea,  1947a,  Table  2). 

Column  7  contains  references  to  notes  which  immediately  follow  Table 
6-1,  and  column  8  contains  references  to  literature. 

DISCUSSION  OF  RESULTS 

By  glancing  at  columns  5  and  7  of  Table  6-1  and  at  Figs.  6-1  and  6-2, 
it  is  readily  seen  that  as  the  linear  energy  transfer  increases,  the  relative 
effectiveness  of  the  various  radiations  may  remain  unchanged,  may 
increase,  or  may  decrease,  depending  upon  the  nature  of  the  irradiated 
object  and  upon  the  effect  studied. 

Cases  of  No  Change  in  Effectiveness.  In  most  investigations  in  which 
no  effect  of  LET  was  observed,  the  radiations  differed  in  mean  LET  by  a 


324  RADIATION   BIOLOGY 

factor  of  5  or  less.  These  studies  are  not  included  in  Table  6-1,  but  some 
of  them  are  listed  among  the  references  and  marked  by  daggers.  In 
Table  6-1,  only  two  items  (34  and  73)  are  recorded  with  no  effect  of  LET; 
in  both  investigations  it  varied  by  about  a  factor  of  10.  In  Figs.  6-1  and 
6-2  it  can  be  seen  that  the  radiobiological  responses  of  several  objects 
(bacterial  spores,  fern  spores,  haploid  and  diploid  yeasts)  are  practically 
independent  of  LET  as  it  varies  by  a  factor  of  50  or  more,  but  neverthe- 
less are  markedly  influenced  within  a  certain  range  of  this  variable.  This 
suggests  that  practically  all  radiobiological  actions  would  be  found 
dependent  on  LET  if  it  were  varied  over  a  sufficiently  wide  range. 

Cases  of  Decrease  in  Effectiveness  with  Increase  in  Linear  Energy  Trans- 
fer. This  group  includes  investigations  on  an  amino  acid  (item  5),  an 
enzyme  (item  7),  a  number  of  viruses  (items  8-13),  vegetative  bacteria 
(items  14-16),  a  species  of  yeast  (item  21),  mutations  in  fungi  (item  29), 
recessive  lethal  mutations  in  Drosophila  (items  31  and  32)  and  chromo- 
some breaks  in  Drosophila  (item  36).  The  influence  of  LET  on  the 
mutations  and  chromosome  breaks  is  not  impressive,  especially  when  it 
is  noted  that  in  all  cases  the  low  values  of  effectiveness  were  obtained 
with  neutrons,  for  which  dosimetry  is  currently  uncertain.  However,  on 
the  amino  acid,  the  enzyme,  the  viruses,  and  the  vegetative  bacteria,  the 
influence  of  LET  is  unequivocal,  the  effectiveness  sometimes  varying  by 
factors  of  6  (item  16),  8  (items  9  and  10),  20  (item  7),  or  30  (item  5).  It 
would  appear  to  be  more  than  coincidental  that  all  these  notable  decreases 
in  effectiveness  with  increase  in  LET  are  observed  in  actions  on  com- 
paratively simple  systems. 

Cases  of  Increase  in  Effectiveness  with  Increase  in  Linear  Energy  Trans- 
fer. Very  marked  increases  in  effectiveness  are  observed  for  certain 
actions  in  such  "simple"  chemical  systems  as  pure  water  (items  1-3), 
water  containing  molecular  oxygen  (item  4),  and  a  graphite  hydrosol 
(item  6) ;  some  of  the  effectiveness  ratios  are  among  the  highest  listed. 
Contrasting  these  with  the  extremely  low  ratios  mentioned  in  the  pre- 
ceding paragraph,  we  note  that  LET  affects  chemical  actions  of  radiation 
as  variously  (sometimes  profoundly)  as  biological  ones. 

The  contrast  between  the  responses  of  vegetative  bacteria  and  bacterial 
spores  (Fig.  6-1)  is  noteworthy.  The  biological  condition  of  protoplasm, 
as  might  be  expected,  appears  to  modify  the  influence  of  LET  to  a 
marked  degree,  although  it  is  unfortunate  that  spores  and  vegetative 
cells  of  the  same  species  have  not  been  simultaneously  investigated. 

The  response  of  bacterial  spores  to  LET  is  almost  duplicated  by  fern 
spores  (Fig.  6-2)  but  their  distinctive  curve  of  effectiveness  is  not  peculiar 
to  dormant  cells,  since  haploid  and  diploid  vegetative  cells  of  Sac- 
charomyces  cerevisiae  display  similar  ones  (Fig.  6-1). 

In  Drosophila,  the  production  of  sex-linked  recessive  lethal  mutations 
is  quite  insensitive  to  LET  (items  31,  32);  in  view  of  the  inaccuracy  of 


INFLUENCE    OF    LINEAR    ENERGY    TRANSFER  325 

neutron  dosimetry,  the  small  effects  tabulated  may  be  nonexistent. 
There  does  appear,  however,  to  be  a  small  differential  effect  of  LET  on 
recessive  as  compared  to  dominant  lethals  (items  32,  33).  More  clear- 
cut  effects  of  LET  are  observed  in  inhibition  of  hatching  of  "eggs"  (lethal 
action)  (item  37),  and  reduplication  of  organs  in  flies  developed  from 
irradiated  larvae  (item  42)  is  produced  only  by  radiation  of  high  LET. 

In  actions  on  mammals  (items  48-68)  the  effectiveness  increases  with 
LET  to  varying  degrees.  In  early  lethal  action  of  total-body  irradiation 
the  effect  is  moderate  when  a  single  dose  is  given  in  about  an  hour  (items 
48-50,  52)  but  is  much  greater  when  delivered  in  a  day  or  two  (item  51). 
Also,  the  influence  of  LET  is  greater  in  late  than  in  early  lethal  action 
(items  53  and  54  vs.  49),  whether  the  dose  be  single  or  periodic.  Effects 
on  gonads,  blood,  and  skin  are  only  moderately  influenced,  but  cataract 
production  appears  to  be  greatly  so  (item  59).  A  very  striking  depend- 
ence on  LET  is  shown  by  regression  of  mouse  tumors  irradiated  in  vivo 
(item  68).  Effects  on  the  same  tumor  in  vitro  (item  69)  are  not  so 
highly  although  still  impressively  influenced  (cf.  also  items  70-72). 

Deleterious  actions  on  roots  (items  75-80)  increase  with  LET,  some- 
times quite  impressively  (items  77,  80).  The  same  is  true  of  chromosome 
aberrations  of  all  types  investigated,  whether  in  roots  (items  82,  83)  or  in 
pollen  formation  or  germination  (items  84-86) ,  the  extent  of  the  influence 
of  LET  depending  on  the  type  of  aberration. 

Different  species  of  yeast  appear  to  respond  differently  to  LET.  In 
Saccharomyces  ellipsoideus  (item  21)  inhibition  of  the  second  cell  division 
is  favored  by  relatively  low  LET,  whereas,  in  S.  cerevisiae  the  same  effect 
is  favored  by  high  LET  (items  22,  23). 

Cases  of  Effectiveness  Passing  through  a  Maximum.  For  some  actions 
the  effectiveness  clearly  passes  through  a  maximum  as  LET  increases. 
The  clearest  example  is  inhibition  of  mitosis  in  the  broad  bean  root  (Fig. 
6-2),  although  the  maximum  cannot  be  exactly  located  because  of  the 
small  number  of  radiations  used.  Another  case,  not  so  certain  and 
striking,  is  inhibition  of  hatching  of  Drosophila  eggs  (item  37).  The 
apparent  maximum  in  lethal  action  on  mice  (item  49)  may  be  real.^ 

^  This  item  is  complicated  by  the  fact  that  the  7-ray  and  fission-neutron  experiments 
were  carried  out  at  Oak  Ridge  and  the  X-ray  and  cyclotron-neutron  experiments  at 
Chicago.  However,  mice  of  the  same  CF-1  stock  were  obtained  from  the  same 
breeder  and  were  maintained  under  as  nearly  identical  conditions  as  monthly  consulta- 
tions could  promote.  Close  liaison  was  also  maintained  between  investigators. 
Neutron  dosimetry  is  of  course  always  suspect,  but  the  Victoreen  chambers  used  at 
the  two  sites  were  calibrated  against  the  same  arbitrary  standard  in  the  neutron 
beam  from  the  cyclotron.  The  sensitivity  of  Victoreen  chambers  probably  is  depend- 
ent on  neutron  energy,  but  one  would  expect  it  to  be  less  for  the  relatively  low-energy 
fission  neutrons  than  for  cyclotron  (Be  -t-  d)  neutrons,  whereas  the  values  of  effective- 
ness indicate  the  opposite,  if  one  ascribes  their  difference  to  dosimetric  uncertainty. 
Only  with  caution  can  the  effectiveness  value  of  the  a  rays  be  compared  with  those  of 
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Cases  in  Which  Dose-Effect  Curves  Change  Shape.  It  is  a  remarkable 
fact  that  in  most  actions  LET  has  no  effect  on  the  shape  of  the  dose-effect 
curve.  However,  in  a  few  cases  changes  in  shape  clearly  occur;  most 
striking  are  changes  from  a  "one-hit"  dose-effect  relation  at  high  LET  to 
a  "multiple-hit"  relation  at  low  LET,  as  observed  for  certain  types  of 
chromosome  aberrations  (e.g.,  item  84)  and  for  lethal  action  on  Aspergillus 
spores  (items  27,  28).  The  chromosome  aberrations  which  behave  this 
way  are  of  types  which  involve  original  breaks  of  two  chromosomes  (or 
chromatids);  accordingly  it  is  concluded  that  a  particle  of  high  LET 
breaks  both  chromosomes  involved  in  an  individual  aberration  whereas 
one  of  low  LET  can  break  only  one.  It  is  not  certain  that  an  analogous 
explanation  can  be  given  for  the  change  in  shape  of  Aspergillus  survival 

curves. 

Influence  of  Linear  Energy  Transfer  and  the  Nature  of  the  Irradiated 
Object.  In  some  investigations  small  differences  in  the  nature  or  condi- 
tion of  the  biological  object  have  been  found  to  change  the  influence  of 
LET  to  a  measurable  and  sometimes  a  remarkable  degree.  With  the 
Drosophila  egg  (item  38)  the  extent  of  influence  varies  by  as  much  as  a 
factor  of  1.5  depending  upon  the  stage  of  development  at  the  time  of 
irradiation.  With  wheat  seedlings,  measurable  differences  in  the  ratios 
can  be  caused  by  difference  in  the  variety  of  plant  (items  75,  76)  or  by 
the  nature  of  the  tissue  studied  in  the  same  individual  plants  (item  76). 
The  extent  of  influence  on  different  types  of  chromosome  aberrations  in 
mouse  tumors  varies  as  much  as  a  factor  of  1.5  (item  67),  while  in  plant 
cells  it  varies  by  a  factor  of  2.7  (items  85,  86).  For  effects  on  mouse  skin 
the  influence  of  LET  depends  slightly  upon  the  criterion  of  injury  (item 
61),  even  when  LET  varies  less  than  a  factor  of  10.  In  yeast  also 
(item  19)  the  criterion  of  injury  is  influential,  while  in  the  broad  bean 
root  it  completely  changes  the  shape  of  the  effectiveness  curves  (Fig.  6-2). 
In  this  same  type  of  root,  oxygen  tension  markedly  modifies  the  effec- 
tiveness ratio  (item  77).  Different  strains  of  the  same  virus  (item  10) 
have  effectiveness  ratios  differing  by  as  much  as  a  factor  of  2.7. 

Additivity  of  Radiations  of  Different  Linear  Energy  Transfer.  The 
striking  dependence  of  some  radiobiological  effects  on  LET  raises  the 
question  as  to  whether  the  mechanism  of  action  is  changed  in  some 
qualitative  feature  or  is  simply  changed  quantitatively  with  no  quali- 
tative alteration.  In  some  cases  pertinent  evidence  can  be  adduced  from 
studies  of  radiobiological  additivity.  Such  studies  can  only  be  made 
when,  for  a  given  biological  action,  the  dose-effect  curves  obtained  with 
all  the  radiations  being  tested  are  of  the  same  shape  and  are  not  expo- 
nential.    Then,  if  doses  are  expressed  not  in  physical  units  but  in  terms 

the  other  radiations,  since  a  different  strain  (A)  of  mice  was  used  and  irradiation  was 
not  wholly  uniform  throughout  the  body.  However,  the  LD50  of  X  rays  for  strain-A 
mice  was  almost  identical  to  that  for  the  CF-1. 
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of  the  LD50  (or  any  other  dose  producing  some  standard  degree  of  effect), 
two  or  more  radiations  can  be  combined  in  any  desired  proportions  and 
their  quantitative  effect  can  be  predicted  on  the  assumption  of  complete 
additivity.  If  then  the  predicted  degree  of  effect  is  experimentally 
observed,  it  is  concluded  that  the  radiations  of  different  LET  are  indeed 
completely  additive;  if  the  observed  effect  is  ciuantitatively  less  than 
that  predicted,  incomplete  additivity  is  demonstrated. 

Additivity  of  radiations  differing  in  LET  by  more  than  a  factor  of  10 
has  been  investigated  for  three  biological  effects:  inhibition  of  hatching 
of  Drosophila  eggs  (item  37,  13,  y,  fission  fn) ;  lethal  action  on  broad  bean 
roots  (item  80,  X,  a) ;  lethal  action  on  mice  (item  51 ;  item  49,  y,  fission 
fn).  For  Drosophila  eggs  additivity  was  complete,  and  for  the  broad 
bean  it  was  nearly  so.  For  mice  it  was  complete  when  the  doses  were 
given  in  about  an  hour  (item  49),  but  incomplete  when  irradiation  was 
spread  over  a  day  or  two  (item  51). 

When  additivity  is  incomplete,  the  radiations  involved  obviously  differ 
in  some  qualitative  feature  of  their  mechanisms. 

On  the  other  hand,  complete  additivity  does  not  prove  that  all  radia- 
tions operate  through  identical  mechanisms.  Thus,  one  radiation  may 
operate  through  some  series  of  relevant  events  such  as 

Irradiation  -^A-^B^-C^'E 

in  which  the  final  effect  E  is  determined  when  a  certain  number  of  indi- 
vidual decisive  events  of  type  C  have  occurred  per  cell  (or  other  bio- 
logical unit).  Another  radiation  might  operate  through  the  same  type 
of  decisive  event  C,  except  that  this  event  may  be  produced  by  the 
sequence 

Irradiation  ->A-^B'->C^E 

where  B'  is  different  from  B.  In  this  case  the  two  radiations  would  add 
completely,  since  they  operate  through  the  same  decisive  event  C,  but 
their  mechanisms  are  not  identical. 

Additivity  is  discussed  in  more  detail  in  a  recent  review  (Zirkle,  1950). 

Theoretical  Implications  of  the  Observed  Influence  of  Linear  Energy 
Transfer.  The  mere  fact  that  LET  has  a  quantitative  influence  on  a 
given  radiobiological  action  proves  that  at  least  some  of  the  events  com- 
prising that  action  occur  while  the  ionization  tracks  still  retain  some  of 
their  configuration,  i.e.,  before  the  ions  and  excited  molecules  (or  other 
chemical  entities  derived  from  them)  have  time,  by  diffusion  or  other 
means,  to  become  distributed  singly  at  random.  This  time  may  be  of 
the  order  of  only  10~^  or  10~^  second  (Lea,  1947b).  It  is  rather  impres- 
sive that  such  a  wide  variety  of  radiobiological  actions — indeed,  all 
that  have  been  investigated  with  LET  varying  more  than  a  factor  of 
10 — should  have  their  quantitative  relations  even  partially  determined 
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SO  early.  Clearly,  this  is  of  fundamental  importance  for  any  theory  of 
radiobiological  action. 

The  differences  among  the  curves  of  Figs.  6-1  and  6-2  indicate  that  at 
least  five  distinct  mechanisms  are  involved  in  the  nine  different  effects 
described.  On  the  other  hand,  four  of  the  curves  (haploid  yeast,  diploid 
yeast,  bacterial  spores,  fern  spores)  are  quite  similar,  thus  indicating  that 
the  same  or  very  similar  mechanisms  may  be  operating  in  all  these  cases. 
It  is  to  be  hoped  that  future  investigations  may  supply  additional  effec- 
tiveness curves  over  a  wide  range  of  LET,  thus  revealing  whether  these 
curves  belong  to  a  relatively  small  or  an  indefinitely  large  number  of 
distinct  types. 

No  general  theory  of  the  radiobiological  operation(s)  of  LET  has  been 
published.  In  view  of  the  complexity  of  the  subject,  this  is  not  surprising. 
Comments  and  suggestions  concerning  certain  aspects  of  its  role  in 
specific  radiobiological  actions  have  been  made  by  various  authors  (e.g., 
Dale  et  al,  1949;  Fano,  1942;  Lea,  1947a;  Tobias,  1950;  Zirkle,  1940, 
1950;  Zirkle  and  Tobias,  1953). 
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The  gravity  of  the  genetic  effects  of  radiation  is  of  a  different  order  of 
magnitude  from  that  of  all  the  other  biological  effects  of  this  agent  in  that, 
in  the  first  place,  the  genetic  effects  are  essentially  irreparable.  They  are 
therefore  also,  if  repeated,  cumulative  over  an  unlimited  period.  In  fact, 
like  all  other  genetic  changes,  they  tend  to  be  not  merely  persistent  but 
self-multiplying.  They  are,  in  different  cases,  of  utterly  diverse  kinds, 
and  they  range  from  the  mildest  to  the  most  radical.     The  reasons  for 
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in  this  field,  make  it  possible  for  him  to  devote  the  time  necessary  to  the  preparation 
of  these  chapters. 

351 


352  RADIATION   BIOLOGY 

these  facts  are  to  be  found  in  the  properties  of  the  genetic  material  itself. 
These  therefore  call  for  a  brief  preliminary  review. 


1.  FUNDAMENTAL  PROPERTIES  OF  THE  GENETIC  MATERIAL 

Genetic  studies  on  widely  diverse  organisms  have  shown  that  the  bio- 
chemical operations  of  the  cell,  ranging  from  the  most  fundamental  to 
the  most  trivial,  and  from  the  "physiological"  to  the  "morphogenetic," 
depend  in  the  last  analysis  upon  the  nature  of  the  self-reproducing  nucleo- 
proteins  that  have  been  provided.  These  are,  for  the  most  part  at  least, 
contained  in  the  chromosomes,  although  in  plants  of  varied  kinds  and  in 
some  microorganisms  of  an  animal  nature  some  genes  have  been  proved 
to  be  present  in  certain  cytoplasmic  particles.  A  chromosome  has  been 
proved  to  consist  essentially  of  a  fine  desoxyribonucleoprotein  thread, 
thousands  of  times  longer  than  thick,  differentiated  along  its  length  into 
hundreds  or  thousands  of  functionally  distinct  and  individually  self- 
reproducing  regions  (probably  constituting  discrete  segments),  the  genes. 

Each  chromosome,  and  in  fact  each  gene  in  it,  considered  separately, 
is  properly  termed  self-reproducing,  inasmuch  as  it  possesses  the  prop- 
erty, when  in  its  natural  protoplasmic  medium,  of  so  guiding  the  selection 
and  assemblage,  possibly  the  reconstruction  and  shaping,  and  certainly 
the  bonding  together,  of  surrounding  raw  materials,  as  to  result  in  the 
construction,  next  to  itself,  of  an  exact  copy  of  itself.  Moreover,  and  most 
important  of  all,  even  if  it  has  undergone  some  permanent  change  (muta- 
tion) in  its  own  inner  configuration,  it  will  now  guide  the  next  synthesis 
so  that  this  very  change  itself  also  becomes  incorporated  in  the  new  copy. 
This  property  has  been  called  "convariant  reproduction." 

As  a  result  of  this  ability  to  reproduce  its  own  changes,  each  gene  must 
in  the  course  of  ages  have  undergone  an  extensive  evolution,  involving  a 
long  series  of  mutational  steps  that  gave  it  an  increasingly  complex  organ- 
ization, more  nicely  adapted  biochemically  to  serving  given  needs  of  the 
organism.  Since  mutations  are  not  designed  in  advance  for  useful  ends, 
the  great  majority  are  necessarily  detrimental  to  survival,  and  the  organ- 
isms inheriting  these  tend  to  die  out.  However,  the  organisms  with  the 
relatively  rare  mutations  that  happen  to  be  helpful  tend  to  multiply  and, 
because  of  the  abihty  of  the  gene  to  pass  on  the  mutant  pattern  to  its 
daughter  genes,  these  organisms  produce  descendants  inheriting  the 
advantageous  mutation.  In  addition  to  this  slow  step-by-step  evolution 
of  each  gene  there  has  been,  according  to  modern  genetic  theory,  an  even 
slower,  stepwise  increase  in  the  number  of  kinds  of  genes.  The  initial 
event  of  such  a  step  usually  consists  in  a  part  of  a  chromosome,  containing 
a  group  of  genes,  becoming  detached  from  its  place  and  inserted  into  a 
new  position  into  some  chromosome  or  set  of  chromosomes  which  already 
has  these  same  genes  in  their  old  positions  as  well.     This  process  of  form- 
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ing  gene  repetitions,  called  "duplication,"  is  described  on  p.  377.  Once 
duplicated,  the  originally  identical  genes  in  the  two  different  positions 
must  from  then  on  undergo  separate  mutations  and  thereby  gradually 
become  differentiated  from  one  another.  By  these  mechanisms  it  has 
been  possible  for  evolution  to  proceed  from  the  stage  of  one  or  a  few  genes, 
alike  and  relatively  undifferentiated,  and  producing  little  or  no  accessory 
material,  to  that  of  the  great  constellations  of  elaborately  differentiated, 
cooperati^^ely  acting  genes,  surrounded  by  their  exceedingly  complicated 
systems  of  nucleoplasmic,  cytoplasmic,  and  intercellular  products,  which 
are  characteristic  of  present-day  higher  organisms. 

There  is  as  yet  no  good  evidence  concerning  the  nature  of  the  mechan- 
ism whereby  the  genes  reproduce  themselves,  or  concerning  that  whereby 
they  control  the  other  biochemical  operations  of  the  cell.  As  regards  the 
former  problem,  we  do  not  know  what  level  or  levels  of  synthesis  are 
involved  in  the  building  of  the  gene,  i.e.,  whether  the  stringing  together 
of  amino  acids,  the  formation  of  higher  associations,  or  the  foldings  of 
chains  are  here  concerned.  We  do  not  know  for  sure  whether  it  is  the 
nucleic  acid  polymers,  or  the  protein  constituents,  or  both,  which  carry 
the  distinctive  gene  pattern  that  determines  what  pattern  shall  be  repro- 
duced. However,  the  evidence  for  a  virtually  pure  nucleic  acid  composi- 
tion of  those  gene  complexes  which  undergo  transference  between  cells  in 
Pneumococci  and  certain  other  bacteria,  and  which  have  misleadingly  been 
called  "transforming  substances,"  would  prove  (if  confirmed  by  chemical 
tests  rigorous  enough  to  be  generally  accepted)  that  nucleic  acid  polymers 
by  themseh'es  are  capable  of  carrying  the  characteristic  gene  patterns  and 
of  acting  as  determiners  for  these  in  self-reproduction. 

As  regards  the  problem  of  gene  action  on  the  cell,  one  line  of  specula- 
tion, starting  with  Driesch  in  1894,  has  been  that  they  act  as  heterocat- 
alytic  enzymes  of  the  most  diverse  kinds,  thus  guiding  the  course  of 
innumerable  reactions.  Another  line  of  speculation,  originating  with 
de  Vries's  hypothesis  of  "intracellular  pangenesis"  in  1889,  has  been  that, 
utilizing  the  same  principle  as  that  whereby  they  reproduce  themselves 
for  mitosis,  they  also  produce  copies  or  partial  copies  of  themselves,  of 
protein  nature,  which,  becoming  detached,  pass  out  into  the  protoplasm 
and  there  act  as  heterocatalytic  enzymes  and/or  engage  in  other  reactions, 
according  to  the  nature  of  the  given  gene  and  of  the  other  attendant  mate- 
rials and  circumstances.  According  to  the  opinion  of  some  authors,  all 
protein  syntheses,  and  possibly  some  other  syntheses  as  well,  take  place 
only  at  the  site  of  the  gene  in  the  chromosome,  by  the  direct  intervention 
of  the  gene  as  a  hetero-  or  autocatalyst;  according  to  others,  by  the 
action  of  gene  replicas  elsewhere  in  the  cell ;  while  still  others  would  allow 
these  syntheses  to  be  less  immediately  dependent  on  the  genes.  Cer- 
tainly the  composition  of  each  enzyme  and  of  every  other  protein  and,  for 
that  matter,  of  every  other  substance  produced  in  the  cell,  depends  upon 
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the  activity  of  given  genes,  as  is  shown  by  the  fact  that  this  composition 
becomes  permanently  changed  by  mutations  of  the  genes.  Yet  it  has  not 
to  date  been  possible  to  demonstrate  rigorously  that  any  given  enzyme, 
antigen,  or  other  cell  constituent  is  the  direct  product,  or  the  partial 
replica,  of  some  one  gene,  or  that  there  is,  in  general,  a  one  gene-one 
enzyme,  or  one  gene-one  antigen  relation.  In  some  cases,  in  fact,  the 
contrary  is  certainly  true. 

2.  TRANSMISSION  OF  THE  GENETIC  MATERIAL 

As  a  result  of  the  reproduction  of  the  genes  in  the  chromosomes,  iden- 
tical twin  genes  and  strings  of  genes,  indistinguishable  from  each  other, 
forming  the  basis  of  sister  chromatids,  come  to  be  present,  lying  side  by 
side,  in  the  place  of  each  original  chromosome.  It  would  probably  be 
more  accurate  to  speak  of  the  two  chromatids  as  "mother"  and  "daugh- 
ter" rather  than  as  sisters,  although  it  has  not  yet  been  definitely  proved 
that  all  the  original  material  remains  in  one  (the  "mother")  gene  or 
chromosome  while  all  the  newly  gathered  material  comes  to  be  in  the 
other  (the  "daughter").  In  preparation  for  cell  division  by  mitosis  both 
these  chromatids  become  tightly  coiled  by  helical  spiralization,  probably 
of  two  or  more  degrees  of  fineness,  into  a  compact  double  mass.  This 
structure  is  appropriate  in  shape  and  consistency  for  having  its  two  mem- 
bers pulled  cleanly  apart,  to  opposite  poles  of  the  spindle-shaped  division 
figure,  with  the  aid  of  the  tractive  "spindle  fibers,"  or  lines  of  streaming, 
which  usually  become  attached  during  mitosis  to  each  chromatid  at  a 
single  fixed  point,  its  centromere.  In  most  cases  it  is  only  during  this 
contracted  mitotic  stage  that  a  chromosome  may  be  readily  seen  and 
identified.  After  mitosis,  it  again  undergoes  considerable  uncoiUng  and 
so  becomes  largely  lost  to  view. 

The  process  of  exact  doubUng  and  equal  distribution,  occurring  at  every 
somatic  mitosis  and  resulting  in  the  remotest  cells  of  the  body  receiving 
chromosomes  and  genes  just  like  those  of  the  original  fertilized  egg  that 
existed  at  the  start  of  development,  is  interrupted  at  meiosis,  in  prepara- 
tion for  a  new  fertilization.  Until  this  stage,  in  ordinary  biparental 
diploid  organisms,  all  cells  have  carried  along  by  mitosis  two  sets  of 
chromosomes,  a  condition  called  diploid;  one  of  these  sets,  the  "mater- 
nal," was  contributed  to  the  original  fertilized  egg  by  the  mother,  and  the 
other,  the  "paternal,"  by  the  father.  For  each  maternal  chromosome, 
then,  there  exists  in  these  cells  a  homologous  paternal  chromosome.  And, 
similarly,  each  gene  within  a  given  chromosome  is  ordinarily  matched 
(except  in  the  case  of  differing  sex  chromosomes)  by  a  homologous  gene 
occupying  a  corresponding  position  in  the  homologous  chromosome 
derived  from  the  other  parent.  But  by  means  of  the  processes  of  meiosis, 
each  functional  male  or  female  gamete  to  be  formed  comes  to  have  only 


NATURE    OF    THE    GENETIC    EFFECTS  355 

one  set  of  chromosomes,  a  condition  referred  to  as  haploid,  instead  of  two 
sets,  and  only  one  instead  of  the  two  genes  of  each  type  previously  present. 
For  a  condensed  account  of  meiosis  and  its  associated  genetic  phenomena, 
with  diagrams,  see  MuUer,  Little,  and  Snyder  (1947),  pp.  40-56. 

The  clue  to  the  complexities  of  meiosis  lies  in  the  remarkable  process  of 
synapsis,  which  initiates  it.  In  synapsis  each  gene  in  the  nucleus  some- 
how finds  and  becomes  temporarily  adherent  to  its  homologous  gene, 
usually  of  identical  composition,  which  was  originally  derived  from  the 
other  parent  and  is  still  present  in  the  same  cell.  Since  the  correspond- 
ing genes  are  usually  arranged  in  the  same  sequence  in  homologous  chro- 
mosomes, this  process  brings  every  two  homologous  chromosomes  together 
in  pairs,  adhering  side  by  side  along  the  whole  of  their  lengths,  with  like 
genes  apposed.  Each  of  the  members  of  these  pairs  now  reproduces 
itself,  i.e.,  it  synthesizes  a  daughter  chromatid,  so  that  tetrads,  of  four 
chromatids  each,  are  formed  in  the  place  of  the  original  pairs.  The  two 
meiotic  cell  divisions  follow  without  any  further  chromatid  formation 
intervening.  Thereby  the  four  members  of  each  tetrad  become  pulled 
apart,  at  their  centromeres,  to  give  two  and  two  at  the  first  meiotic 
division  and  one  and  one  at  the  second.  Thus  they  are  distributed 
singly  among  the  four  granddaughter  nuclei  derived  from  each  nucleus 
that  underwent  meiosis. 

In  this  way  each  gamete  comes  to  have  just  one  chromatid — now  to  be 
termed  a  "chromosome" — out  of  each  tetrad,  and  thus  has  just  one  set 
of  chromosomes  instead  of  the  original  two  sets.  Accordingly,  for  every 
gene  of  which  the  premeiotic  cell  had  two  representatives,  a  maternal 
and  a  paternal  (to  be  referred  to  as  "a  pair"  of  genes),  the  gamete  carries 
but  one,  a  maternal  or  a  paternal,  as  the  case  may  be.  This  is  the  basis 
for  Mendel's  first  law,  that  of  segregation,  whereby  50  per  cent  of  the 
gametes  of  any  individual  receive  any  given  gene  inherited  from  one  of 
the  parents,  while  the  rest  receive  the  homologous  gene  (called  an  allele 
if  it  is  not  identical  in  composition  with  the  first  one)  inherited  from  the 
other  parent. 

But  a  gamete  receiving  a  given  gene  of  one  pair  does  not  necessarily 
receive,  as  its  quota  from  any  other  pair,  that  gene  which  was  derived 
from  the  same  parent.  If  the  second  pair  of  genes  in  question  lies  in 
another  pair  of  chromosomes,  the  chance  is  just  50  per  cent  that  the  gene 
of  the  second  pair  which  is  received  by  any  given  gamete  is  from  the  other 
parent  than  that  which  furnished  that  gamete  with  the  gene  of  the  first 
pair.  This  is  expressed  by  saying  that  there  is  among  the  gametes  a 
50  per  cent  frequency  of  recombination  of  genes  that  lie  in  different  pairs 
of  chromosomes.  This  result  is  due  to  the  fact  that  it  is  a  matter  of 
indifference,  in  the  orientation  of  the  tetrads  on  the  meiotic  division 
figures,  whether  an  element  of  paternal  or  maternal  origin  happens  to  be 
placed  so  as  to  be  pulled  to  a  given  pole  of  the  division  figure,  and  that 
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the  orientation  of  one  tetrad  in  this  regard  does  not  influence  that  of 
another. 

If  now  the  second  pair  of  genes  being  considered  should  lie  in  the  same 
pair  of  chromosomes  as  the  first  pair,  the  frequency  of  recombination 
found  among  the  gametes  is  lower  than  50  per  cent,  and  these  genes,  lying 
in  the  two  different  positions  or  loci  in  the  same  pair  of  chromosomes,  are 
said  to  be  linked.  That  there  is  some  recombination  even  of  genes  in  the 
same  pair  of  chromosomes  is  due  to  the  process  of  crossing  over  which 
occurs  during  synapsis.  This  involves  the  breakage  of  one  of  the  two 
paternal  and  one  of  the  two  maternal  chromatids  of  a  tetrad  at  exactly 
corresponding  points,  followed  by  cross-union  between  the  broken  ends, 
in  such  wise  that  one  of  the  chromatids  formed  is  a  combination  derived 
from  the  maternal  member  on  one  side,  say  the  left,  of  the  point  of 
breakage  and  reunion,  and  from  the  paternal  member  on  the  other  side, 
the  right,  while  the  other  chromatid,  complementarily,  comes  to  have  a 
paternal  left-hand  portion  and  a  maternal  right-hand  one.  Thus  if  the 
maternal  chromosome  had  contained  the  genes  A  and  B  and  the  paternal 
one  the  homologous  but  somewhat  different  alleles  a  and  b,  the  two  cross- 
over chromatids,  formed  as  a  result  of  crossing  over  between  the  genes 
at  the  two  loci,  would  have  the  composition  Ah  and  aB,  respectively, 
while  the  other  two  chromatids  of  the  tetrad,  being  noncrossovers,  would 
still  be  of  compositions  AB  and  ah,  respectively. 

In  most  species  crossing  over  can  take  place  at  virtually  any  point  along 
a  pair  of  conjugating  chromatids.  Hence,  in  the  case  of  genes  that  lie 
farther  apart  along  the  chromosome  there  will  be  a  tendency  to  have  a 
higher  frequency  of  crossover  combinations  formed  than  in  the  case  of 
genes  that  lie  close  together.  Thus  the  frequency  of  crossing  over  can 
be  used,  conversely,  as  an  indication  of  the  distance  apart  of  genes,  and 
has  lent  itself  to  the  plotting  of  "maps"  showing  the  position  of  the  genes 
in  the  chromosome.  In  these  linkage  maps,  that  distance  which  for  con- 
venience is  designated  as  "one  unit"  is  a  distance  having  1  per  cent  of 
crossing  over  within  it.  Crossing  over  can  occur  in  more  than  one  posi- 
tion at  a  time  in  a  given  tetrad,  but  at  distances  closer  than  a  given 
length  there  is  a  tendency,  called  interference,  which  increases  with 
proximity,  for  crossing  over  at  one  point  not  to  occur  so  readily  as  usual 
when  there  happens  to  be  crossing  over  at  another  point.  The  two 
chromatids  which  participate  in  crossing  over  at  one  point  can  have  one, 
both,  or  neither  of  their  members  the  same  as  those  which  participate  at 
another  point  in  the  tetrad.  Both  the  frequency  of  crossing  over  and  the 
amount  of  interference  are  influenced  by  various  physiological  and 
genetic  conditions,  as  well  as  by  external  agents.  They  also  vary  some- 
what from  one  chromosome  region  to  another.  In  the  neighborhood  of 
the  centromere,  crossing  over  is  much  less  frequent  than  elsewhere  for 
a   given   physical  length  of  the  chromosome  thread,   and  it  is  there 
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also    especially    subject    to  having  its  frequency  influenced  by  varied 
conditions. 

The  primary  function  of  crossing  over,  as  of  recombination  of  genes  in 
different  chromosomes,  lies  in  its  allowing  advantageous  mutant  genes 
that  arose  in  different  lines  of  ascent  an  opportunity  to  become  associated 
with  one  another  in  lines  of  descent  that  inherit  both  or  all  of  these  genes 
at  once,  without  the  much  longer  delay  that  would  usually  be  required 
for  both  or  all  of  them  to  arise  by  successive  mutations  within  the  same 
line.  In  other  words,  evolution  is  accelerated  by  crossing  over.  In 
addition,  crossing  over,  tying  the  four  chromatids  of  a  tetrad  together  by 
means  of  the  cross  figure  (chiasma)  formed  at  each  point  of  breakage  and 
cross-union  serves  in  most  organisms  to  keep  the  chromatids  from  falling 
apart  into  the  separate  pairs  that  would  usually  result  from  their  tend- 
ency to  hold  together  mainly  in  twos;  thus  it  facilitates  their  being  so 
oriented  at  the  meiotic  divisions  as  to  segregate  in  a  regular  fashion,  one 
chromatid  of  each  tetrad  to  each  gamete. 

3.  EFFECTS  OF  RADIATION   ON  THE  TRANSMISSION 
OF  THE  GENETIC  MATERIAL 

3-1.  Interference  with  Cell  Division  and  Induction  of  Polyploidy.  The 
most  immediately  observable  conspicuous  effect  of  radiation  on  the  trans- 
mission of  the  genetic  material  is  its  inhibition  of  mitosis.  This  effect  is 
produced  by  all  ionizing  radiations  as  well  as  by  ultraviolet,  even  in  very 
small  doses,  and  it  is  a  striking  fact  that  powerful  chemical  mutagens  such 
as  those  of  the  mustard  gas  group  also  produce  it.  If  a  cell  is  already  as 
far  along  in  mitosis  as  a  late  prophase,  metaphase,  anaphase,  or  telophase 
stage  when  the  radiation  is  applied,  it  will  complete  its  division  without 
interruption;  but,  if  approaching  prophase,  it  will  be  inhibited  from 
entering  this  stage  for  a  period  of  time  that  may  be  considerable,  depend- 
ing upon  the  material  and  the  dose.  If  in  an  early  or  middle  prophase  it 
may  even  appear  to  regress  in  phase  and  will  then  remain  mitotically 
static  until  finally  cells  that  had  been  in  interphase  during  treatment  have 
caught  up  with  it.  Thus  there  is  a  kind  of  damming  up  of  mitoses, 
followed  by  a  burst  of  them.  This  crest  in  the  mitotic  frequency  is  in 
turn  succeeded  by  a  trough,  since  many  of  the  cells  that  otherwise  would 
have  been  dividing  have  then,  because  of  the  previous  delay,  only  recently 
entered  interphase.  The  resulting  tendency  to  synchronization  of 
mitoses  is  thereafter  expressed  in  a  series  of  gradually  subsiding  waves  of 
mitotic  frequency. 

In  the  fertilization  period  of  the  eggs  of  certain  echinoderms,  E.  E.  Just 
(1926)  found  that  ultraviolet  radiation  interfered  with  separation  of  the 
polar  bodies.  The  four  haploid  nuclei  then  united  with  one  another  and 
with  the  sperm  nucleus  to  form  a  pentaploid  nucleus,  i.e.,  one  with  five 


358  RADIATION    BIOLOGY 

sets  of  chromosomes.  The  later  cell  divisions  were  normal  except  that 
all  five  sets  of  chromosomes  were  carried  along  instead  of  only  two,  and 
the  cells  of  the  resultant  embryo  were  thus  all  pentaploid.  It  is  not  the 
rule  in  material  in  general,  however,  either  in  meiotic  or  in  mitotic  divi- 
sions, for  radiation  to  cause  the  union  of  daughter  nuclei  which  would 
normally  separate.  Thus  the  production  of  polyploid  cells  or  offspring, 
i.e.,  those  having  extra  sets  of  chromosomes,  is  not  a  genetic  effect  of 
radiation  that  has  been  found  to  be  produced  generally. 

3-2.  Disarrangement  of  Cell  Division  and  Induction  of  Aneuploidy 
Involving  Whole  Chromosomes.  An  effect  that  has  been  much  more 
commonly  observed,  following  ionizing  radiation  at  any  rate,  is  the 
abnormal  distribution  of  chromatids  to  the  daughter  nuclei,  both  at 
mitotic  and  meiotic  division.  When  the  tAVo  chromatids  of  a  chromosome 
that  has  doubled  for  mitosis  are  carried  to  the  same  pole,  the  process  is 
called  "nondisjunction."  The  same  term  appKes  when  both  pairs  of 
chromatids  of  a  tetrad  are  carried  to  the  same  pole  at  the  first  meiotic 
division,  or  both  chromatids  of  a  pair  at  the  second  meiotic  division.  In 
any  of  these  cases  an  equal  number  of  cells  is  formed  with  extra  and  with 
missing  chromosomes,  respectively.  A  related  process  is  that  in  which  a 
given  chromatid  or  pair  of  chromatids  lags  on  the  spindle  in  cell  division 
and  fails  to  be  carried  to  either  pole.  This  event  is  in  most  material 
followed  by  the  eventual  degeneration  of  the  excluded  chromatin.  In 
such  cases,  cells  with  missing  chromosomes,  but  not  cells  with  extra  ones, 

are  formed. 

Both  nondisjunction  and  lagging  occasionally  occur  without  irradiation. 
That  they  are  far  more  frequent  in  irradiated  material  was  first  shown  by 
Mohr  (1919)  in  a  locust,  Decticus,  by  cytological  methods,  and  later  by 
Mavor  (1921)  in  Drosophila  by  appHcation  of  the  genetic  methods  by 
which  Bridges  (1913,  1916)  had  previously  demonstrated  the  spontaneous 
occurrence  of  nondisjunction  in  that  material.  The  induced  displace- 
ments of  chromosomes  at  meiotic  divisions  were  found  to  continue  for 
nearly  a  week  after  the  irradiation  had  been  applied. 

Both  the  addition  and  the  subtraction  of  a  chromosome,  but  to  a 
greater  degree  the  latter,  involve  drastic  departures  from  the  normal  gene 
ratios  and  therefore  imbalances  in  the  concentrations,  relative  to  one 
another,  of  the  different  gene  products.  The  imbalanced  genetic  com- 
position, which  is  designated  as  aneuploid  (a  term  applied  generally  when 
any  part  of  the  chromatin,  whether  more  or  less  than  one  chromosome  in 
extent,  is  present  in  the  wrong  amount  relative  to  the  rest  of  it),  is  there- 
fore damaging  to  cell  functioning.  By  proliferation  of  a  cell  damaged  by 
aneuploidy,  a  sector  of  tissue  that  is  permanently  abnormal  will  be 
produced.  If  the  affected  cell  is  an  embryonic  one,  it  can  give  rise  to  an 
abnormal  portion  of  the  body,  the  size  of  which  will  depend  upon  how 
large  a  body  region  the  affected  cell  is  ancestral  to.     Sometimes  the  abnor- 
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mality  of  the  affected  cell  will  be  so  great  as  to  result  in  its  death  or 
failure  to  proliferate.  The  Ufe  of  an  individual  as  a  whole  depends  on  a 
more  complicated  and  vulnerable  organization  than  that  of  any  part  of  it, 
so  long  as  that  part  has  the  aid  of  other,  normal  parts.  It  follows  from 
this  that,  in  case  a  cell  with  a  chromosome  extra  or  missing  happens  to 
be  in  the  germ  track,  so  as  to  give  rise  to  an  entire  individual  rather  than 
just  a  part  of  one,  such  an  individual  will  be  especially  subject  to  abnor- 
malities of  development  and  functioning  of  varied  kinds,  so  much  so  that 
it  will  often  be  unable  to  live  to  maturity;  i.e.,  a  dominant  lethal  effect  is 
thereby  produced. 

In  case  the  extra  or  missing  chromosome  is  a  sex-determining  chromo- 
some, however,  an  individvial  may  be  formed  which  does  not  show 
abnormal  effects  of  its  gene  imbalance,  except  for  the  usually  minor 
disturbances  caused  by  an  extra  or  missing  Y  or  W  chromosome.  Never- 
theless, the  individual  may  be  of  the  opposite  sex  from  that  which  it 
normally  would  have  been,  and  so  may  constitute  an  exception  to  the 
rules  by  which  sex-linked  characters  are  ordinarily  inherited.  If  now 
the  aneuploidy  had  arisen  in  only  one  of  the  nuclei  of  an  embryo  of  the 
two-  or  four-cell  stage,  or  some  other  very  early  stage,  only  a  part  (a  half, 
a  quarter,  or  some  other  fraction)  of  the  individual  will  have  its  genetic 
sex  altered.  In  that  case,  in  organisms  which,  Hke  insects,  have  auto- 
nomic sex  determination  of  their  various  parts,  a  gynandromorph  will 
result.  In  Drosophila  irradiation  of  an  egg  before  its  fertilization  can 
so  affect  its  cytoplasm  as  to  cause  lagging  of  chromosomes  later, 
during  an  early  "cleavage"  stage,  and  this  is  equally  likely  to  affect 
the  chromosomes  of  either  parent  whether  they  had  themselves  been 
irradiated  or  not,  as  shown  by  Patterson  (1931b).  Thus  the  male  por- 
tion of  the  resulting  gynandromorph  can,  as  the  case  may  be,  exhibit 
the  characters  of  either  the  maternal  or  the  paternal  sex-determining 
chromosome. 

3-3.  Effects  on  Crossing  Over.  Another  way  in  which  the  transmission 
of  genes  has  been  found  to  be  altered  by  ionizing  radiation  is  through  its 
effect  on  the  frequency  of  crossing  over.  It  was  found  by  Mavor  (1923) 
that  in  Drosophila  the  frequency  of  crossing  over  was  decreased  by  X-ray 
irradiation  in  the  region  of  the  X  chromosome  that  he  was  studying,  and 
by  Mavor  and  Svenson  (1924)  that  it  was  increased  in  the  region  that 
was  under  their  observation  in  the  second  chromosome.  These  influ- 
ences persisted  for  more  than  a  week,  despite  the  occurrence  of  mitosis  in 
the  affected  germ  cells  between  the  time  of  treatment  and  the  time  of 
crossing  over.  Some  of  this  crossing  over  was  probably  produced  in 
oogonial  cells,  judging  by  Friesen's  results  on  spermatogonia  (see  next 
paragraph) ;  this  would  explain  a  part  at  least  of  the  apparent  persistence 
of  the  effect.  Studies  by  the  present  writer  (1925,  1926)  showed  that 
the  apparent  contradiction  in  the  effects  on  different  chromosomes  was 
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in  conformity  with  the  principle  that,  in  the  regions  near  the  centromeres 
of  all  the  major  chromosomes,  crossing  over  is  considerably  promoted  by 
irradiation,  as  others  have  also  shown  it  to  be  by  extremes  of  heat  and 
cold,  chemical  mutagens,  and  some  other  environmental  as  well  as  physi- 
ological and  genetic  influences,  while  in  regions  farther  from  the  centro- 
meres, except  perhaps  near  the  very  ends,  a  less  marked  decrease  in 
crossing-over  frequency  is  produced.  The  decrease  is  in  part,  at  least, 
an  indirect  consequence,  resulting  from  interference,  of  the  promotion  of 
crossing  over  elsewhere.  It  may  be  that  the  decrease  in  the  inhibiting 
influence  of  the  centromere  on  crossing  over,  caused  by  radiation,  is 
related  to  that  decrease  in  the  accuracy  of  transportation  of  chromosomes 
which  is  expressed  in  their  lagging  and  nondisjunction. 

The  promotion  of  crossing  over  by  ionizing  radiation  (as  well  as  by 
some  other  influences)  is  so  strong  that  it  even  leads,  in  Drosophila,  to 
occasional  crossing  over  in  spermatogonial  cells,  as  shown  by  Friesen 
(1933,  1936)  and  in  somatic  cells,  and  in  these  cases,  too,  the  induced 
crossing  over  is  mainly,  although  not  exclusively,  near  the  centromere, 
just  where  it  is  of  least  frequent  occurrence  normally  during  meiosis. 
There  is  evidence  that,  as  in  normal  crossing  over,  this  induced  crossing 
over  occurring  in  gonial  and  somatic  cells  usually  involves  only  two  of 
four  chromatids  of  a  tetrad,  and  that  the  two  participating  chromatids 
undergo  breakage  at  exactly  corresponding  points.  Since  it  is  not  fol- 
lowed by  meiotic  divisions,  the  daughter  and  descendant  cells  are  still 
diploid.  However,  they  may  by  this  process  of  crossing  over  become 
alike  with  respect  to  genes  of  which  the  homologous  chromosomes  origi- 
nally carried  different  alleles.  Thus  if  genes  in  the  original  paternal  and 
maternal  chromosomes  are  represented  as  A  BCD  and  abed,  respectively, 
the  centromere  being  at  or  near  D,  a  somatic  cell  may  at  the  mitosis  fol- 
lowing crossing  over  receive  a  noncrossover  chromatid  with  abed  and  a 
crossover  chromatid  of  composition  abCD.  In  that  case  the  genes  a  and 
b,  which  previously  had  been  unable  to  express  themselves  effectively 
because  of  the  simultaneous  presence  of  the  dominant  alleles  A  and  B, 
will  now  be  able  to  produce  their  characteristic  effects,  when  in  the 
appropriate  region  of  the  body  and  stage  of  development. 

If,  then,  the  crossing  over  has  occurred  in  an  embryonic  somatic  cell, 
or  in  any  cell  subject  to  further  proliferation,  a  portion  of  the  body  or 
patch  of  tissue  may  thereby  come  to  exhibit  recessive  characteristics 
not  shown  by  the  body  as  a  whole.  This  turns  out  to  be,  in  Drosophila, 
the  chief  mechanism  for  the  appearance  of  such  patches  following  irradi- 
ation, although  it  had  earlier  been  thought  that  they  were  usually  pro- 
duced by  loss  of  chromosome  parts.  This  is  one  method  by  which  irradi- 
ation can  bring  preexisting  but  hidden  mutations  to  light,  in  a  patch  of 
somatic  tissue  or  portion  of  the  body.  It  is  evident  that  this  mechanism 
might  sometimes   (when  a  recessive  gene  of  the  appropriate  kind  is 
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already  present  in  just  one  chromosome)  lead  to  the  induction  of  a  tumor 
by  radiation.  However,  it  is  probable  that  in  most  organisms  other  than 
Diptera  (flies)  crossing  over  would  be  much  less  readily  induced,  if  at  all, 
in  somatic  and  gonial  cells,  than  has  been  found  to  be  the  case  in  Drosoph- 
ila.  For  Diptera  are  peculiar  in  having,  even  normally,  an  exception- 
ally strong  tendency  to  synaptic  association  of  chromosomes  in  the 
ordinary  somatic  cells  and  in  the  nonmeiotic  germ  cells,  and  this  evi- 
dently makes  crossing  over  much  more  readily  possible  in  this  material. 
The  regions  of  chromosomes  near  the  centromere,  and,  to  a  lesser 
extent,  in  some  material,  those  near  the  tips  and  some  other  small  inter- 
stitial regions,  are  distinguished  by  their  mode  of  staining  and  by  certain 
other  properties  (vide  infra).  They  are  designated  as  heterochromatic,  in 
distinction  from  the  rest  of  the  chromosome,  which  is  termed  euchromatic. 
The  promotion  of  crossing  over  by  radiation,  which  occurs  most  markedly 
in  the  vicinity  of  the  centromere,  extends  not  only  to  the  heterochromatic 
region  in  that  location  but  considerably  beyond  it,  to  euchromatic  regions 
for  some  distance  on  either  side  of  it,  only  gradually  fading  away.  More- 
over, it  is  to  be  found  also  in  some  heterochromatic  regions  derived  from 
the  region  originally  near  the  centromere  when  they  have  by  special 
means  been  removed  so  as  to  be  far  from  the  latter. 

The  influence  of  radiation  on  the  centromeric  and  other  heterochro- 
matic  regions   leads   to   the   occurrence   of  recombination  between  the 
homologous  or  partially  homologous  heterochromatic  portions  of  the  X 
and  Y  chromosome  even  in  the  Drosophila  male,  despite  the  fact  that  in 
the  Drosophila  male  (unlike  the  male  of  most  organisms)  crossing  over 
does  not  ordinarily  occur  at  all.     Thus  the  radiation  in  this  case  results 
in  chromosomes  composed  partly  of  X  and  partly  of  Y  and,  by  a  second 
step,  to  combinations  of  two  X  chromosomes  attached  together.     Such 
combinations,  which  also  occur  without  radiation,  as  shown  by  Philip 
(1935),  but  with  far  lower  freciuency,  had  previously  been  ascribed  to 
mere   chromosome  breakage,   to  fusion  (Stern,   1926),  to  translocation 
(Stern,  1927),  or  to  uncompleted  division  (L.  V.  Morgan,  1922).     It  is 
probable  that  the  line  of  demarcation  between  crossing  over  and  structural 
change  of  chromosomes,  caused  by  their  breakage  and  recombination 
at  nonhomologous  points  (seep.  362),  is  not  a  sharp  one  where  hetero- 
chromatic regions  are  concerned,  since  in  such  regions  the  genes  at  differ- 
ent loci  behave  more  nearly  as  homologues  than  they  do  in  euchromatic 
regions.     At  any  rate,  there  is  probably  a  good  deal  of  leeway  in  the 
positions  of  breakage  of  the  two  participating  chromosomes,  relative  to 
one  another,  when  the  "crossing  over"  is  located  in  a  heterochromatic 
region.     Moreover,  even  the  union  of  pieces  is  in  such  regions  less  orderly, 
being  frecjuently  reverse  in  arrangement,  so  that  from  A  BCD  and  ahcd 
the  combinations  ABba  and  dcCD  can  be  formed.     Such  cases  therefore 
may  be  regarded  as  transitional  to  those  next  to  be  discussed. 
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4.  CONSEQUENCES  OF  THE  PRODUCTION 
OF  A  SINGLE  CHROMOSOME  BREAK 

Much  more  varied  and  more  important  in  their  consequences  for  cells, 
tissues,  individuals,  and  populations,  as  well  as  more  heuristic,  than 
the  effects  of  radiation  on  the  distribution  of  whole  chromosomes  or  on 
crossing  over,  are  its  effects  in  producing  structural  changes  of  chromo- 
somes, i.e.,  permanent  changes  in  the  linear  arrangement  of  their  genes, 
and  in  the  distribution  of  genes  among  different  chromosomes.  Clear 
evidence  that  ionizing  radiation  produces  an  abundance  of  structural 
changes  of  varied  types,  which  become  reproduced  at  mitosis  and  meiosis 
so  as  to  be  inherited  by  subsequent  generations  of  cells  and  individuals, 
was  first  obtained  in  Drosophila  (Muller,  1927,  1928a,  b,  d;  Muller  and 
Altenburg,  1928).  These  findings  were  very  soon  extended  to  organisms 
of  the  most  varied  kinds,  including  monocotyledons,  dicotyledons,  and 
mammals,  by  various  investigators,  among  whom  should  be  named 
especially  Goodspeed,  Stadler,  McClintock,  Levitsky,  Sax,  and  Snell. 
Ultraviolet  radiation  as  well  has  been  found  to  produce  structural 
changes,  but  the  relative  incidence  of  different  types  is  not  the  same  as 
with  ionizing  radiation,  and  the  frequency  of  structural  changes  induced 
by  a  given  dose  of  ultraviolet  is,  according  to  most  investigators,  much 
lower  than  that  from  ionizing  radiation  given  in  such  a  dose  as  to  match 
the  ultraviolet  in  the  production  of  gene  mutations  (see  Chap.  8).  These 
peculiarities  of  ultraviolet  will  be  further  discussed  in  the  second  volume 
of  this  series.  The  following  pages  are  concerned  mainly  with  the  results 
of  breakage  induced  by  ionizing  radiations. 

Structural  changes  of  the  same  types  as  are  produced  by  radiation  also 
arise  "spontaneously,"  i.e.,  in  untreated  material,  although  with  far 
lower  frequency.  In  fact,  "spontaneous"  examples  of  most  of  the  types 
had  already  been  recognized  and  had  to  some  extent  had  their  conforma- 
tions determined,  largely  in  Drosophila  (especially  by  Bridges,  Sturtevant, 
Mohr,  Muller,  Stern,  and  Altenburg)  and  in  Datura  and  a  few  other 
plants  (especially  by  Belling  and  Blakeslee),  before  the  flood  of  cases  con- 
tributed by  radiation  genetics  had  become  available.  However,  analyses 
of  the  cases  produced  by  ionizing  radiation,  and  of  the  conditions  of  their 
production,  added  much  to  the  understanding  both  of  the  pattern  of 
effects  produced,  and  of  their  mechanism  of  origination,  and  from  these 
analyses  of  the  radiation  cases  a  general  theory  of  the  process  of  struc- 
tural change  of  chromosomes,  whether  resulting  from  radiation  or  other 
causes,  gradually  took  shape.  It  would  be  beyond  our  scope  here  to  give 
an  account  of  the  intricate  series  of  steps  whereby  this  theory  has  been 
established,  but  they  are  to  some  extent  discussed  on  pp.  363  to  388  and 
in  Chap.  8.  The  work  has  utilized  some  of  the  advanced  techniques  of 
both  experimental  breeding   (involving  linkage  maps)   and  cytological 
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observation  (involving,  for  example,  Painter's  salivary  chromosome 
methods  in  Drosophila  and  McCUntock's  meiotic  chromosome  methods  in 
maize),  combined  with  radiation  techniques. 

The  primary  genetic  event  in  structural  change,  regardless  of  the 
nature  of  the  causative  agent  or  the  type  of  chromosome  structure 
finally  formed,  has  proved  to  be  breakage  of  the  chromosome  thread. 
This  interpretation,  which  had  been  proposed  as  only  one  possibility  by 
the  present  writer  (Painter  and  Muller,  1929),  was  first  advocated  by 
Levitsky  and  Araratian  (1931)  on  the  basis  of  their  studies  on  the  plants 
Crepis,  Vicia,  and  Secale  and  by  Stadler  (1932)  on  the  basis  of  his  results 
with  maize.  It  was  later  supported  by  findings  of  McClintock  (1932, 
1938a,  1939)  on  the  mechanical  breakage,  through  entanglement,  of  ring 
chromosomes  in  maize,  by  radiation  dosage  studies  carried  out  on 
Drosophila  by  Muller  in  collaboration  with  Belgovsky  and  others,  using 
genetic  methods  (Belgovsky,  1937;  Muller,  1938,  1939b,  c,  d,  1940a; 
Muller,  Makki,  and  Sidky,  1939),  and  by  Sax  and  his  collaborators  on 
Tradescantia,  using  cytological  methods  (Sax,  1938,  1939;  Sax  and 
Enzmann,  1939). 

The  broken  end  of  a  chromosome  thread,  fractured  either  by  ionizing 
or  other  radiation,  by  mechanical  means  or  by  chemical  mutagens  (as  in 
the  work  of  Auerbach  and  Robson),  has  the  property  of  adhering  to 
another  broken  end  when  it  meets  it  and,  forming  a  permanent  union, 
thereby  again  constituting  as  continuous  a  thread  as  before,  which  is 
capable  of  reproducing  itself  as  such  indefinitely.  The  most  usual 
broken  end  for  the  first  one  to  meet  is  the  other  broken  end  derived  from 
the  same  break.  In  this  case  the  combination  formed  is  just  like  the 
original  unbroken  thread,  and  the  process  is  called  restitution. 

If,  instead  of  restituting  at  once,  a  broken  end  fails  to  join  another  one 
before  the  chromosome  reproduces  to  form  two  chromatids,  then  each 
daughter  chromatid  fragment  has  a  broken  end  like  that  of  the  mother 
fragment,  and  both  these  broken  ends  have  the  property  of  adhesion. 
The  contact  most  likely  to  occur  after  that  is  between  the  homologous 
broken  ends  themselves  since  they,  just  after  their  formation,  must  be 
nearer  to  one  another  than  to  any  other  broken  ends.  In  this  way 
chromosomes,  called  isochromo somes,  consisting  of  two  identical  parts 
joined  mirror-image  fashion,  are  formed  (see  Fig.  7-la-d).  When  these 
fragments  are  not  provided  with  a  centromere — in  which  case  they  are 
called  acentric — their  union  produces  an  acentric  isochromosome,  while 
union  between  the  fragments  which  are  provided  with  a  centromere- 
termed  centric  fragments — produces  a  dicentric  isochromosome.  It 
sometimes  happens,  however,  in  a  case  in  which  a  chromosome  repro- 
duces before  it  can  undergo  restitution,  that  two  of  the  chromatid  frag- 
ments do  later  engage  in  restitutional  union,  while  the  others  fail  to  meet 
one  another.     In  that  case  the  centric  fragment  will  be  passed  on  down 
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to  a  daughter  cell,  and  in  this  next  cell  generation,  on  reproducing 
once  more,  its  two  chromatids  will  usually  join  to  form  a  dicentric 
isochromosome. 

When  a  cell  containing  chromosome  fragments  divides,  any  acentric 
pieces,  or  acentric  isochromosomes,  lacking  a  spindle  fiber  attachment, 
fail  to  become  transported  to  either  daughter  nucleus.  In  consequence 
the  descendant  cells  are  aneuploid,  lacking  this  portion  of  one  of  their 
chromosomes,   and   for  this  reason  are  genetically   abnormal.     If  the 
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Fig.  7-1.  Breakage  of  a  chromosome  prior  to  its  splitting,  followed  by  loss  of  the 
pieces  from  the  daughter  nuclei,  (a)  The  chromosome  thread  before  breakage,  with 
the  position  of  the  centromere  indicated,  {h)  The  thread  after  breakage,  composed 
of  an  acentric  and  a  cen/r/c fragment,  (r)  The  two  daughter  threads,  or  "chromatids," 
have  become  definitely  established  before  the  broken  ends  can  unite,  id)  Broken 
ends  of  twin  fragments,  being  nearer  to  one  another  than  to  other  broken  ends,  join 
together,  forming  an  acentric  and  a  dicentric  isochromosome,  which  are  now  becoming 
more  condensed,  (e)  In  the  ensuing  cell  division,  the  acentric  isochromosome  fails 
to  be  pulled  to  the  poles,  and  the  dicentric  one,  pulled  both  ways,  tends  to  form  a 
bridge.  If  this  becomes  broken  by  the  tension,  it  repeats  the  process  of  dicentric 
formation,  and  another  bridge  results  at  the  next  division,  and  so  on,  until  the  chromo- 
some is  lost  or  the  cells  are  killed. 

missing  part  is  large  and  important  enough  this  deficiency  can  even  cause 
their  death.  As  mentioned  before  in  connection  mth  the  loss  of  a  whole 
chromosome,  such  a  defect  in  a  germ  cell  would  be  especially  likely  to 
cause  the  abnormality  and  the  death  of  the  individual  derived  from  that 
germ  cell. 

As  for  the  dicentric  isochromosome  that  has  been  formed,  its  two 
centromeres  at  the  next  mitosis  are  oriented  toward  opposite  poles,  just 
as  they  would  have  been  if  the  chromatids  had  not  undergone  breakage 
and  union,  and  the  chromosome  is  thereby  pulled  in  both  opposite  direc- 
tions at  once  (see  Fig.  7-le).  Thus  the  dicentric  isochromosome  may 
fail  to  enter  one  or  both  nuclei,  and  the  resultant  nucleus  or  nuclei,  lack- 
ing also  the  acentric  portion,  are  rendered  deficient  for  all  of  the  broken 
chromosome.  Thereby  the  cells  are  caused  to  be  more  abnormal  than 
if  they  had  lacked  only  the  acentric  part.  Another  complication  is  that 
the  dicentric  isochromosome,  in  being  pulled  both  ways,  tends  to  form  a 
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bridge  between  the  daughter  mielei,  and  this  bridge  may  later,  through 
a  mechanism  not  yet  well  understood,  lead  to  the  death  of  the  cells 
involved.  This  has  been  shown  to  happen  even  when  their  genetic 
deficiency  is  compensated  for  by  supplying  them  with  an  additional 
chromosome  of  appropriate  type  (Pontecorvo  and  Muller,  1941;  Muller 
and  Pontecorvo,  1942b;  Pontecorvo,  1942). 

Sometimes,  instead  of  failing  to  enter  the  nuclei,  or  forming  a  fatal 
bridge,  the  isochromosome  stretched  in  the  bridge  becomes  broken  again, 
and  one  or  both  of  the  two  fragments  may  then  be  pulled  into  their 
respective  nuclei.  Thereafter,  their  own  daughter  chromatids,  because 
of  their  broken  ends,  repeat  the  story  of  dicentric  isochromosome  and 
bridge  formation.  This  process  is  in  the  animal  material  studied  unlikely 
to  go  through  many  cycles  without  the  affected  chromosome  finally 
becoming  lost  from  the  descendant  cells,  or  else  killing  them  by  bridge 
formation.  In  some  material,  e.g.,  maize,  the  above  "breakage-fusion- 
bridge  cycle"  may  be  repeated  almost  indefinitely,  as  McClintock  (1932, 
1938a,  1939  et  seq.)  has  shown.  In  this  case,  since  the  chromosome  is 
broken  anew  at  every  mitosis,  and  since  each  new  break  is  likely  to  be  in 
a  different  position  than  before,  the  genetic  composition  of  the  repeatedly 
patched  remainder  becomes  more  and  more  abnormal,  as  some  chromo- 
some parts  are  lost  while  others  become  increasingly  reduplicated. 
Accordingly,  the  genetic  composition  of  the  descendant  cells  comes  to 
depart  ever  further  from  the  normal,  to  their  increasing  detriment. 

Thus,  when  breakage  of  a  chromosome  is  followed  by  union  between 
identical  "sister"  (mother  and  daughter)  fragments  to  form  isochromo- 
somes,  genetic  deficiencies  and  sometimes  other  genetic  abnormalities 
inevitably  follow,  by  one  means  or  another.  If  this  happens  in  the  germ 
track  of  the  main  or  sporophyte  generation  of  a  higher  plant  belonging  to 
an  ordinary  diploid  species  (having  two  complete  sets  of  chromosomes  in 
that  generation),  and  if  the  affected  cells  manage  to  survive  until  the 
haploid  or  gametophyte  generation  (that  with  one  set  of  chromosomes), 
those  with  the  deficiency  are  then  killed  off  in  the  latter  stage.  At  least 
this  is  true  in  the  male  gametophyte,  since  this  metabolizes  more  com- 
pletely on  its  own  account  than  the  female  gametophyte  does  and  hence 
has  more  use  for  its  genes.  For  now  this  tissue  no  longer  has  a  second, 
normal  set  of  chromosomes  to  mitigate  the  effect  of  its  genetic  abnor- 
mality. In  this  way  the  gametophyte  generation  (at  least  that  of  the 
male,  and  to  a  lesser  extent  that  of  the  female)  serves  as  a  sieve  to  weed 
out  such  cases. 

In  animals  the  corresponding  haploid  stage,  found  in  the  gametes,  does 
not  perform  a  hke  selective  function,  since  the  limited  type  of  metab- 
olism of  these  cells  does  not  depend  upon  their  genes,  which  are  in  a 
dormant  state  at  that  time,  but  upon  the  products  of  the  genes  present 
before  reduction,  and  of  the  genes  in  diploid  supporting   (nurse  and 
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Sertoli)  cells  (Miiller  and  Settles,  1927).  However,  as  has  been  stated 
above,  the  defect  will  usually — unless  the  missing  chromatin  is  exception- 
ally small  or  unimportant — cause  abnormalities  sufficient  to  kill  the 
individual  of  the  next  generation  at  an  early  stage  of  its  development. 
This  occurs  despite  the  fact  that  its  cells,  being  diploid,  contain  one 
normal  set  of  chromosomes. 

Convincing  evidence  has  been  reported  that  in  some  material,  for 
example,  maize  sporophytes  (McClintock,  1939),  a  chromosome  broken 
by  ionizing  radiation  which  fails  to  make  contact  mth  another  broken 
end  may  after  a  time  undergo  healing,  in  that  the  broken  end  permanently 
loses  its  adhesive  property  so  as  to  be  able  to  function  like  a  normal 
unbroken  chromosome  end.  If  this  occurred,  the  centric  fragment  could 
reproduce  itself  without  danger  of  forming  a  dicentric  isochromosome  and 
so  becoming  lost  or  killing  the  cell.  It  would  therefore  be  carried  along 
in  mitosis  like  any  other  chromosome.  But  the  cells  with  this  chromo- 
some would  nevertheless  be  deficient  for  the  acentric  fragment,  having 
what  is  called  a  terminal  deficiency  of  the  affected  chromosome.  They 
would  therefore  be  genetically  abnormal,  and  this  deficiency  would  still 
be  enough,  in  the  vast  majority  of  cases,  to  kill  the  gametophytes. 
Ultraviolet  fight  has  been  reported  by  Stadler  (1939)  and  by  Swanson 
(1942)  to  be  especially  conducive,  in  some  plant  material,  to  producing 
this  effect.  In  animals,  on  the  other  hand  (and  also  in  maize  gameto- 
phytes and  endosperm  when  the  breakage  is  mechanical  or  by  ionizing 
radiation),  the  evidence  is  all  against  the  occurrence  of  healing,  despite 
some  contrary  claims.  It  may  be  concluded  that,  at  least  in  those 
animals  studied,  the  free  unbroken  ends  of  each  chromosome  have  a 
characteristic  structure,  which  a  broken  end  cannot  ordinarily  assume, 
and  that  this  structure  is  necessary  for  the  continuance  and  orderly 
distribution  of  the  chromosome  through  repeated  mitoses.  This  prop- 
erty justifies  us  in  distinguishing  the  normal  free  ends  in  such  organisms 
as  telomeres,  in  contrast  to  the  interstitial  portions  of  the  chromosome, 
which  include  the  centromeres. 

5.  CONSEQUENCES  OF  TWO  BREAKS  IN  SEPARATE  CHROMOSOMES 

When  two  chromosome  breaks  have  occurred  in  the  same  nucleus,  each 
of  the  breaks  may  be  followed  by  one  of  the  types  of  behavior  pattern 
already  described.  However,  the  alternative  possibility  now  arises  of 
one  broken  end  meeting  and  forming  a  union  with  an  end  derived  from  a 
different  break.  The  type  of  rearrangement  which  thereupon  results 
depends  on  where  in  the  chromatin  the  breaks  are  located  and  which 
broken  ends  unite  with  which. 

If,  as  is  more  often  the  case,  the  two  breaks  in  question  occur  in  different, 
nonhomologous  chromosomes,  and  a  fragment  of  one  of  these  chromo- 
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somes  then  unites  by  its  broken  end  with  a  fragment  of  the  other,  the 
event — as  well  as,  by  an  elision  of  speech,  the  resulting  chromosome 
configuration — is  called  a  translocation.  It  is  probable  that  in  many  of 
these  cases  the  other  two  fragments  fail  to  find  each  other.  If  these 
uncombined  fragments  should  later  undergo  healing  or  if  they  should 
finally  have  their  mother  and  daughter  chromatids  unite  with  one 
another  to  form  acentric  and/or  dicentric  isochromosomes,  the  descend- 
ant cells  would  be  aneuploid,  provided  they  had  survived  bridge  forma- 
tion. In  this  case  (supposing  that  these  events  took  place  in  germ  cells) 
it  is  very  unlikely  that  the  chromosome  which  did  undergo  the  transloca- 
tion would  be  able  to  get  as  far  as  the  adult  stage  of  the  next  generation. 

It  often  happens,  however,  that  the  broken  ends  of  the  other  two  frag- 
ments likewise  find  one  another  and  form  a  union.  Such  a  case  is  known 
more  specifically  as  one  of  mutual  or  reciprocal  translocation  or  segmental 
interchange  (these  three  terms  being  synonymous),  and  when  the  word 
translocation  is  used  without  qualification  it  usually  refers  to  one  of  this 
type.  In  the  formation  of  such  a  translocation,  it  is  largely  a  matter  of 
chance  whether  (1)  the  centric  fragment  of  one  chromosome  happens  to 
join  the  centric  fragment  of  the  other,  so  as  to  form  a  dicentric  chromo- 
some, while  the  other  two  fragments  on  uniting  form  an  acentric  chromo- 
some, or  (2)  each  centric  fragment  joins  on  to  the  acentric  fragment  of 
the  other  chromosome  (see  Fig.  7-2,  l-3a,  b).  The  first  contingency 
gives  rise  to  what  is  called  an  aneucentric  configuration,  and  eventually 
leads  to  the  loss  of  all  parts  concerned,  and  therefore  to  the  loss  of  all  the 
material  of  both  original  chromosomes,  by  the  mechanism  already 
explained  for  acentric  and  dicentric  chromosomes — unless  before  this 
happens  it  kills  the  descendant  cells  by  bridge  formation  (Fig.  7-2, 
3a-5a).  If  any  fertilized  eggs  were  thereby  produced  which  lacked  two 
chromosomes,  they  would,  in  the  great  majority  of  species  at  least,  except- 
ing some  polyploids,  die  at  an  early  stage  of  embryogeny.  The  second 
contingency,  on  the  other  hand,  involving  a  eucentric  configuration, 
results  in  two  monocentric  chromosomes,  both  of  which  are  transported 
in  a  regular  manner  at  mitosis  (Fig.  7-2,  3b-5b).  In  this  case  all 
descendant  cells  derived  by  mitosis  from  the  cell  in  which  the  transloca- 
tion occurred  contain  all  the  chromosome  and  gene  material  which  is 
normally  present.  This  second  contingency  then  provides  translocations 
which  can  be  transmitted  to  descendants,  which  are  viable,  i.e.,  able  to 
survive,  and  which  can  be  bred  and  studied  genetically. 

The  descendants,  inheriting  the  two  translocated  chromosomes  from 
the  parents  having  the  al)erration,  and  two  normal  chromosomes,  con- 
taining homologous  genetic  material  in  its  original  arrangement,  from 
their  unaffected  parent,  do  not  themselves  suffer  from  abnormalities 
caused  by  the  structural  change  (except  in  the  cases,  very  rare  for  most 
species,  of  ''position  effect,"  discussed  in  Sect.  9).     For  they  possess  two 
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Fig.  7-2.  Translocation  produced  by  breaks  in  two  different  chromosomes.  (1)  Two 
nonhomologous  chromosomes  are  shown,  prior  to  their  splitting,  one  represented  in 
white  with  a  black  centromere  and  the  other  in  black  with  a  white  centromere. 
(2)  Two  breaks  have  been  induced  by  radiation,  one  in  each  chromosome.  (3o)  The 
two  centric  pieces  have  united  to  form  a  dicentric  chromosome,  and  the  two  acentric 
pieces  to  form  an  acentric  chromosome.  (36)  The  alternative  type  of  rearrange- 
ment has  occurred,  giving  monocentric  translocated  chromosomes.  (4)  The  chromo- 
soines  have  split  to  form  "daughters"  or  chromatids,  and  are  becoming  condensed 
and  placed  in  position  for  cell  division,  in  both  the  a  and  h  cases.  (5)  Mitosis  is 
nearly  completed.  In  case  5a  the  dicentric  daughter  chromosomes  are  forming  bridges 
and  are  not  being  properly  pulled  all  the  way  to  opposite  poles  (they  may  later  be 
broken  again  by  the  tension),  while  the  acentric  daughter  chromosomes  fail  to  be 
transported  at  all.  In  case  bb  the  translocated  daughter  chromosomes  become  prop- 
erly transported,  so  that  each  of  the  two  daughter  nuclei  receives  a  complete  outfit 
of  the  original  chromosome  material  that  underwent  translocation,  although  in  a  new 
arrangement.  It  should  be  noted  that  in  case  5a  it  will  not  always  happen  that  the 
two  centromeres  of  a  dicentric  chromosome  are  pulled  to  opposite  poles,  since  they 
are  not  symmetrically  placed ;  but  if  this  does  not  chance  to  occur  at  the  first  mitosis 
after  the  translocation  process,  it  is  bound  to  occur  at  some  subsequent  mitosis  and 
so  the  same  kinds  of  effect  as  in  case  5a  will  finally  be  produced,  and  will  involve  the 
loss  of  two  chromosomes  and  the  production  of  two  bridges  instead  of  one. 

complete  sets  of  chromosomes  and  of  genes,  that  is,  "balanced"  gene 
ratios.  Yet,  when  their  germ  cells  begin  to  mature  and  to  enter  the 
stages  of  meiosis,  their  translocated  chromosomes,  in  matching  their 
homologous  parts  in  synapsis  with  the  nontranslocated  ones,  have  to 
make  a  kind  of  cross  figure  (see  Fig.  7-3ai,  2^2).  In  this  (if  we  may 
simplify  the  situation  so  as  to  show  only  one  meiotic  division,  with  one 
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chromatid  per  chromosome  and  no  crossing  over),  it  is  in  most  species, 
for  most  translocations,  more  or  less  a  matter  of  chance  whether  they 
assume  the  "old  combination  arrangement,"  as  in  Fig.  7-3ai,  b],  such  that 
the  two  translocated  chromosomes  become  pulled  to  one  daughter 
nucleus  and  the  two  nontranslocated  to  the  other  nucleus,  or  the  "recom- 
bination arrangement,"  shown  in  Fig.  7-3a2,  b2,  whereby  one  translocated 
and  one  nontranslocated  chromosome  become  pulled  to  each  nucleus. 
It  is  only  when  the  points  of  breakage  had  been  very  near  the  centromere 
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Fig.  7-3.  Meiotic  arrangements  in  cells  heterozygous  for  eucentric  mutual  transloca- 
tions. In  columns  1  and  2  the  translocation  involved  the  exchange  of  parts  of  arms, 
while  in  column  3  virtually  whole  arms  were  exchanged.  Clear  areas  represent 
centromeres.  Diagrams  simplified  by  omission  of  crossing  over  and  of  split  into 
chromatids. 


in  both  chromosomes,  giving  what  are  called  whole-arm  translocations, 
that  the  recombinational  arrangement  (that  giving  aneuploids)  is  of  very 
infrequent  occurrence,  since  here  the  two  nonhomologous  pairs  of  centro- 
meres are  so  close  together  that  the  orientations  of  their  members  with 
respect  to  the  plane  of  separation  are  strongly  correlated  with  one 
another  (Fig.  7-3a3,  bs). 

Now  the  first  arrangement,  that  giving  the  "old  combinations," 
results  both  in  apparently  normal  offspring  which,  however,  like  the 
parent,  again  contain  the  translocation,  and  in  entirely  normal  offspring. 
But  the  second  or  recombinational  arrangement  results  in  aneuploid 
zygotes  which,  being  deficient  with  regard  to  one  translocated  chromo- 
some region  and  at  the  same  time  having  an  extra  representation  ("dupli- 
cation") of  another  region,  usually  die  of  their  genie  imbalance  during  an 
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early  embryonic  stage.  Thus  the  individual  with  a  translocation,  though 
appearing  normal,  is  usually  capable  of  producing  only  about  half  as 
many  viable  (surviving)  offspring  as  a  really  normal  individual  can.  In 
consequence,  in  most  species,  if  a  number  of  individuals  with  transloca- 
tions have  arisen  in  a  given  generation,  this  number  will  be  reduced  to 
approximately  a  half,  an  eighth,  a  sixteenth,  etc.,  in  successive  genera- 
tions, until  at  last  the  translocations  (with  the  possible  exception  of 
whole-arm  translocations)  have  completely  died  out. 

In  primates,  however,  where  there  is  but  one  foetus  per  pregnancy  and 
its  early  death  in  utero  is  rather  promptly  followed  by  another  pregnancy, 
this  process  tends  to  compensate  for  the  deaths  and  thus  to  allow  the 
so-called  "  semisterile "  individual  with  the  translocation  (or,  if  this 
individual  be  a  male,  his  mate)  to  bear  nearly  as  many  offspring  as  an 
entirely  normal  individual  does.  This  will  greatly  delay  the  dying  out 
of  the  translocation.  In  man,  especially  civilized  man,  the  additional 
compensatory  factor  enters  in  that  a  couple  subject  to  involuntary  abor- 
tions or  miscarriages  consciously  tries  to  bring  their  total  number  of  off- 
spring up  to  or  even  beyond  the  average  number.  In  this  way  the  trans- 
location, along  with  the  "semisterility"  occasioned  by  it,  must  become 
actively  perpetuated. 

When  two  breaks  occur  in  homologous  chromosomes  of  a  diploid  cell, 
they  will  usually  be  at  nonidentical  points.  If  all  broken  ends  succeed  in 
uniting,  but  in  such  a  way  that  the  newly  constituted  chromosomes  are 
made  of  one  portion  from  one  homologue  and  the  other  portion  from  the 
other,  we  again  have  the  possibility  of  the  configuration  being  either 
aneucentric  (with  acentric  and  dicentric  chromosomes)  and  so  becoming 
lost,  or  eucentric  (with  monocentric  chromosomes)  and  so  allowing  the 
daughter  chromosomes  ("chromatids")  to  be  transmitted  regularly  at 
succeeding  mitoses.  In  the  latter  case  one  of  the  newly  constituted 
chromosomes  will  be  deficient  for  some  genetic  material,  while  this  mate- 
rial will  be  twice  represented  (duplicated)  in  the  other  new  chromosome. 
The  cells  derived  by  mitosis  from  this  cell  have  the  normal  number  and 
kinds  of  genes,  however,  since  the  lack  in  one  chromosome  is  exactly 
complemented  by  the  duplication  in  the  other.  But  if  this  unequal 
exchange  between  homologues  has  occurred  in  a  germ  cell,  then,  after 
its  cycle  of  mitoses  has  been  completed  and  it  undergoes  the  meiotic 
divisions,  a  gamete  is  finally  produced  which  has  just  the  deficiency  or 
just  the  excess  of  genes.  The  zygote  resulting  from  such  a  gamete  is 
therefore  aneuploid:  it  has  an  "imbalanced"  gene  content,  since  its  genes 
are  in  abnormal  ratios  to  one  another,  and  it  is  correspondingly  abnormal. 
Only  very  small  deficiencies  are  compatible  with  the  life  of  an  individual 
as  a  whole,  even  when  the  homologous  chromosome  (that  which  was 
received  from  the  other  parent)  is  a  normal  one.  Considerably  larger 
duplications  than  deficiencies  can  usually  be  tolerated  but,  depending  on 
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their  size  and  contained  genes,  they  too  tend  to  cause  morphological  and 
physiological  abnormalities. 

Deficiencies  and  duplications  can  be  formed  similarly  as  a  result  of 
breakage  of  two  "sister"  (mother  and  daughter)  chromatids  in  different 
positions,  when  this  is  followed  by  eucentric  interchange  of  segments 
between  them.  In  this  case,  however,  the  immediately  following  mitosis 
will  cause  one  daughter  cell  to  receive  the  deficient  and  the  other  the 
duplicated  chromatid,  instead  of  both  complementary  combinations. 

It  has  been  explained  on  p.  365,  in  connection  with  the  formation  and 
loss  of  acentric  and  dicentric  isochromosomes  following  single  chromosome 
breakage,  that  plant  nuclei  which  are  deficient  for  a  portion  of  chromatin 
tend  to  die  out  in  passing  through  the  stage  of  the  male  gametophyte 
generation,  since  this  is  haploid,  and  recjuires  the  active  functioning  of  its 
whole  set  of  genes,  and  that  to  a  lesser  extent  there  is  a  similar  elimination 
in  the  metabolically  less  active  female  gametophyte  stage.  This  same 
principle  also  operates  to  eliminate  in  the  gametophyte  stage  the  nuclei, 
deficient  in  one  or  more  chromosome  regions,  which  are  formed  as  a 
result  of  translocation,  or  as  a  result  of  meiosis  in  individuals  carrying 
translocations.  Duplication  of  regions  is  also  more  likely  to  be  fatal  in 
this  stage  than  in  the  diploid  stage,  since  it  occasions  more  pronounced 
genie  imbalance  when  in  a  combination  which  is  mainly  haploid  than  in  a 
diploid.  Similarly,  the  aneuploid  combinations  resulting  from  other 
types  of  structural  changes,  to  be  described  in  the  next  two  sections,  tend 
to  be  eliminated  in  the  gametophytes  of  plants.  In  animals,  on  the  con- 
trary, since  the  genes  are  not  functioning  in  the  gametes  that  carry  them, 
all  aneuploid  combinations  succeed  in  being  transmitted  to  the  zygotes. 
They  may  or  may  not  then  cause  death  or  abnormality  of  the  offspring, 
depending  upon  the  drasticity  of  the  genetic  departure  of  the  zygote  from 
the  normal  diploid  combination.  So,  for  example,  fully  viable  zygotes 
can  readily  be  formed  in  animals,  when  a  mating  occurs  between  indi- 
viduals both  of  which  carry  the  same  type  of  translocation,  by  the  union 
of  one  gamete  having  one  aneuploid  combination  with  another  gamete 
having  the  complementary  combination,  whereas  this  could  hardly 
happen  in  plants. 

6.  CONSEQUENCES  OF  TWO  BREAKS  IN  THE  SAME  CHROMOSOME 

When  two  different  breaks  occur  in  the  same  chromosome,  two  end 
fragments  and  a  middle  fragment  are  formed.  Which  one  of  these  bears 
the  centromere  depends  on  the  morphology  of  the  original  chromosome 
and  the  location  of  the  breaks.  If  one  of  the  end  pieces  bears  the  centro- 
mere, and  this  piece  unites  by  its  broken  end  with  the  broken  end  of  the 
other  end  piece,  a  process  called  deletion,  a  deleted  chromosome,  lacking 
the  middle  section,  is  produced.     This  deficient  chromosome  will  be 
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transported  in  normal  fashion  at  mitosis,  while  the  excised  middle  piece 
itself,  being  acentric,  will  fail  to  reach  either  of  the  daughter  nuclei. 
Thus  the  descendant  cells  will  be  aneuploid,  in  that  they  are  deficient  for 
this  section  (see  Fig.  7-4a). 

The  degree  and  type  of  damage  to  the  descendant  cells  caused  by  the 
deficiency  will,  just  as  in  the  above-considered  cases  of  deficiencies  occa- 
sioned by  translocation  between  homologous  or  sister  chromosomes, 
depend  upon  the  size  of  the  deficiency,  the  importance  of  the  missing 

genes,  and  the  extent  to  which  those 
present  in  the  undamaged  homologous 
chromosome  are  able  in  "single  dose" 
to  perform  the  biochemical  functions 
which  are  ordinarily  carried  out  by 
the  two  doses  present  in  normal  cells. 

^      ,      ,     .  ,  An  offspring  derived  from  such  a  de- 

FiG.  7-4.  Two  breaks  in  one  chromo-  ,,  ,  i  •  i    i      -.i 

some,  with  all  broken  ends  uniting  so  ^^^ent  cell,  even  though  provided  with 
as  to  give  rise  to  a  deleted  and  a  ring  a  normal  homologous  chromosome 
chromosome.  In  (a)  (on  left)  the  from  its  other  parent,  usually  dies  of 
deleted  chromosome,  being  centric,  its  genie  imbalance  (abnormal  gene 
can  continue,  while  in  (h)  (on  right)  ^.^^-^^^  ^^^^^^^  ^^^  deficiency  is  a  very 
the  ring  is  centric  and  can  continue  , 

provided  it  is  not  twisted  on  its  axis,      ^mall    one.     However,   an  extremely 

small  deficiency  of  only  one  member 
of  a  pair  of  homologous  chromosomes  may  result  in  no  perceptible  ab- 
normality. The  deficiency  will  in  that  case  behave  in  the  same  way  as  a 
"recessive  lethal "  (see  pp.  394  and  403) .  It  may  be  inherited  by  a  succes- 
sion of  descendants.  Having  a  slightly  weakening  action  on  them,  it  will 
tend  to  cause  the  line  of  individuals  containing  it  to  die  out.  If,  however, 
it  happens  to  persist  long  enough,  a  mating  will  finally  occur,  in  some 
subseciuent  generation,  between  two  apparently  normal  parents  both  of 
which  have  one  deficient  chromosome  of  the  given  kind.  Then  an  indi- 
vidual can  be  produced  which  receives  the  same  deficient  chromosome 
from  both  parents,  and  this  individual  will  be  killed  outright  by  its  genetic 
abnormality.  Thus  in  any  event  the  deficient  chromosome  finally  dies 
out. 

Exceptions  to  the  rule  of  the  lethality  of  any  deficiency  inherited  from 
both  parents  are  provided  only  by  those  extremely  rare  cases  in  which  the 
deficiency  comprises  only  one  or  a  very  few  genes,  none  of  which  happens 
to  be  indispensable  for  survival.  An  individual  with  such  a  deficiency  in 
both  homologous  chromosomes  might  live,  but  would  probably  evince 
its  condition  by  one  or  more  biochemical  or  morphological  inadequacies. 
These,  though  not  directly  lethal,  would  hamper  it,  so  that  in  time — 
though  not  so  quickly  as  with  a  lethal — it  too  would  undergo  extinction. 

If  the  chromosome  broken  into  three  parts  had  had  its  centromere  in 
the  middle  section,  then  the  two  end  pieces  on  uniting  would  have  formed 
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an  acentric  chromosome  that  failed  to  reach  the  daughter  nuclei  (see 
Fig.  7-4b).  However,  the  middle  piece  might  in  this  case  be  able  to 
survive  for  a  time,  provided  its  two  broken  ends  happened  to  become 
bent  around  so  as  to  touch  and  unite  with  each  other,  forming  a  ring  or 
"closed"  chromosome.  At  least,  it  could  survive  if  in  this  process  the 
chromonema  (chromosome  thread)  had  preserved  its  axial  orientation, 
but,  if  one  end  had  become  twisted  by  one  or  more  complete  turns,  rela- 
tive to  the  other  end,  then  when  the  ring  chromosome  later  reproduced  to 
form  two  ring  chromatids  these  would  find  themselves  interlocked  and 
hence  incapable  of  being  transported  to  the  daughter  nuclei  (unless  they 
broke  again — an  event  which  might  lead  to  further  complications).  The 
rings  formed  without  torsion  would  not  be  subject  to  this  difficulty,  but 
any  descendant  cells  or  individuals  that  inherited  such  a  ring  would,  of 
course,  be  deficient  for  both  end  pieces  of  the  chromosome.  Whether 
they  could  survive  for  a  time  despite  their  abnormality  would  then 
depend  on  the  size  and  importance  of  the  resulting  gene  iml)alance. 

Since  the  regions  of  chromosomes  in  the  neighborhood  of  their  ends,  in 
Drosophila  at  least,  are  composed  of  heterochromatin  (see  Sect.  3), 
which  is  more  or  less  dispensable,  a  few  cases  of  rings  with  only  very  tiny 
end  deficiencies  are  known,  which  result  in  apparently  normal  individuals 
even  when  both  the  homologues  of  the  given  chromosome  possessed  by 
the  individuals  are  of  this  ring  type.  Nevertheless,  these  as  well  as  all 
other  ring  chromosomes  tend  eventually  to  die  out  in  the  course  of 
breeding  of  a  population.  This  is  because  a  ring  chromatid,  when  it 
undergoes  single  crossing  over  with  its  partner  at  meiosis,  necessarily 
gives  rise  (no  matter  whether  the  partner  chromatid  is  itself  a  ring  or  of 
normal  structure)  to  a  dicentric  chromatid  that  fails  to  be  transported 
properly  to  the  daughter  nuclei.  As  a  result,  fewer  germ  cells  capable  of 
developing  into  normal  offspring  are  formed  by  individuals  with  rings 
than  by  those  with  only  non-ring  chromosomes,  and  this  reproductive 
disadvantage  leads  all  lines  of  descendants  with  rings  eventually  to 
become  extinct. 

The  reproductive  disadvantage  occasioned  by  the  formation  of  dicentric 
crossover  chromatids  is  not  so  great  as  might  be  thought.  As  Sturtevant 
and  Beadle  (1936)  have  shown,  this  is  because,  when  crossing  over  occurs 
in  the  meiosis  of  the  oocyte  between  two  chromatids  of  a  tetrad  and  not 
the  other  two,  any  dicentric  chromatid  resulting,  being  pulled  toward 
both  poles  at  once,  tends  to  become  stalled  near  the  middle  of  the  spindle 
of  the  first  meiotic  division,  leaving  the  two  noncrossover  chromatids  to 
be  pulled  to  opposite  poles,  one  entering  the  inward-lying  nucleus  that  is 
destined  to  form  the  egg.  Then,  at  the  second  meiotic  division,  this 
inner  noncrossover  chromatid,  which  is  still  in  partial  conjugation  with 
the  dicentric  one  but  more  centrally  placed  than  the  latter,  becomes 
seoarated  from  it  in  such  a  way  as  to  be  pulled  still  further  in,  into  the 
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egg  ("ootid")  nucleus  itself,  while  the  dicentric  is  left  outside.  In  this 
way  the  egg  comes  to  receive  a  noncrossover  chromatid,  which  has  an 
equally  good  chance  of  being  either  a  ring  or  a  non-ring  if  the  individual 
had  had  both  types  to  begin  with.  However,  in  some  cases  crossing 
over  occurs  at  more  than  one  point  in  a  tetrad,  and,  when  this  crossing 
over  happens  to  involve  three  or  four  of  the  chromatids  of  a  tetrad,  an 
egg  nucleus  can  be  formed  which  fails  to  receive  either  a  ring  or  a  non-ring 
derived  from  this  tetrad.  This  result,  leading  to  aneuploidy  among  the 
offspring,  is  of  course  reproductively  disadvantageous,  although  the 
incidence  of  the  disadvantage  is  considerably  lower  than  that  for  most 
translocations. 

When  now  we  consider  meiosis  in  the  male,  where  all  four  nuclei 
derived  from  each  spermatocyte  enter  actual  gametes  instead  of  (as  in 
the  female)  being  arranged  in  the  form  of  one  inner  gamete  nucleus  and 
three  outer,  polar  body  nuclei,  it  is  evident  that  any  crossover  dicentric 
chromatids  must  result  in  two  deficient  gametes,  and/or  gametes  aborted 
by  bridge  formation.  Thus  in  the  breeding  of  the  male  the  reproductive 
disadvantage  conferred  by  a  ring  chromosome  would  in  most  organisms 

(including  mammals)  be  high.     How- 
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Fig.  7-5.  Two  breaks  in  one  chromo-       avoided. 

some,  with  all  broken  ends  uniting  so  Another  method  of  union  of  broken 

as  to  give  rise  to  an  inversion.  In  ends  of  a  chromosome  which  has  un- 
(a)  (on  left)  the  inversion  is  paracen-  ^ergone  two  breaks  is  for  all  three 
trie,  in  (o)  (on  right)  it  is  pericentric.  ,   •  ,  •  ^       •    • 

resulting  chromosome  pieces  to  join 

together  again,  with  the  middle  piece  still  in  the  middle  but  facing  in  the 
opposite  direction,  with  regard  to  the  end  pieces,  than  that  in  which  it 
was  before.  This  event,  as  well  as  the  result,  is  called  inversion  (see 
Fig.  7-5).  It  would  be  equally  correct  to  describe  it  by  saying  that  the 
two  end  pieces  interchanged  positions  with  one  another.  If  the  centro- 
mere is  in  one  of  the  end  pieces,  the  inversion  is  called  'paracentric;  if  in 
the  middle  section,  pericentric.  In  either  case,  all  parts,  including  the 
centromere,  are  present  in  the  reconstituted  chromosome,  and  its  chro- 
matids are  properly  transported  to  the  daughter  cells  at  each  mitosis. 
Hence  it  does  not  (except  in  the  special  case  of  "position  effect,"  dis- 
cussed in  Sect.  9)  result  in  damage  to  the  descendant  cells  or  individuals 
which  inherit  it. 

However,  when  crossing  over  occurs  between  the  chromosoine  with 
the  inversion  and  its  homologue  of  normal  structure,  within  the  region  of 
the  inversion,  aneuploid  crossover  chromosomes  are  produced,  having  a 
deficiency  of  one  region  and  a  duplication  of  another.     In  the  case  of 
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pericentric  inversions  these  aneuploid  crossover  chromosomes  are  mono- 
centric  and  therefore  become  transported  regularly  to  the  daughter 
nuclei.  The  resulting  gametes  then  give  rise  to  genically  imbalanced 
offspring,  which  are  usually  unable  to  survive  or  are  at  least  grossly 
abnormal.  This  puts  pericentrically  inverted  chromosomes,  like  trans- 
located and  ring  chromosomes,  at  a  reproductive  disadvantage  and  causes 
their  eventual  extinction. 

In  the  case  of  crossing  over  within  paracentric  inversions,  the  crossover 
chromatids  likewise  have  a  deficiency  and  a  duplication,  but  in  addition 
one  of  the  crossover  chromatids  is  dicentric  while  the  complementary  one 
is  acentric.  As  we  have  seen  happen  with  dicentric  rings,  these  crossover 
chromosomes  tend  to  be  left  near  the  middle  of  the  meiotic  spindle  so 
that  the  egg  becomes  provided,  instead,  with  one  of  the  monocentric 
noncrossover  chromatids  (equally  often  the  inverted  and  the  noninverted 
one).  Thus  the  genetic  damage  to  egg  nuclei  tends  to  be  circumvented, 
unless  more  than  two  chromatids  of  the  tetrad  have  all  undergone  crossing 
over  within  the  inverted  region.  In  the  male,  however,  where  all  four 
nuclei  enter  into  gametes,  each  occurrence  of  crossing  over  within  the 
inverted  region  must  result  in  at  least  two  gamete  nuclei  that  are  either 
deficient  for  a  whole  chromosome  or,  what  is  worse,  that  contain  a 
dicentric  chromosome,  or  that  become  aborted  by  bridge  formation. 
Thus  the  reproductive  disadvantage  of  paracentrically  inverted  chromo- 
somes, leading  to  the  genetic  extinction  of  these  chromosomes  and  of  the 
lives  of  descendants  containing  them,  must  work  especially  through  the 
males,  as  with  ring  chromosomes.  But  again  an  exception  must  be 
made  of  Drosophila  and  those  other  relatively  rare  species  in  which  there 
is  no  crossing  over  in  the  male.  In  them  paracentric  inversions  can  sur- 
vive rather  freely,  and  they  have,  in  fact,  become  common  in  some  popula- 
tions of  such  species,  apparently  without  detriment  to  the  latter.  In 
fact,  in  such  cases,  it  is  sometimes  advantageous  for  the  species  to  have  at 
its  disposal  structurally  different  alternatives  of  a  given  type  of  chromo- 
some, each  alternative  being  provided  with  a  set  of  genes  adapted  to  a 
somewhat  different  type  of  situation.  This  gives  one  basis  for  divergence 
in  the  evolution  of  adaptations. 

The  smaller  an  inversion  is,  the  less  frec}uently  will  crossing  over  occur 
between  it  and  a  noninverted  chromosome  within  the  region  of  the  inver- 
sion; hence  the  smaller  will  be  its  reproductive  disadvantage  and  the 
slower  its  extinction.  Very  small  inverted  regions  probably  never  have 
an  opportunity  to  synapse  with  their  noninverted  homologous  regions, 
since  in  these  cases  the  conjugation  of  the  rest  of  the  chromosome  on  each 
side  tends  to  prevent  the  inverted  regions  from  attaining  the  necessary 
alignment  of  corresponding  parts  with  one  another.  In  consequence, 
these  small  inversions  do  not  suffer  from  any  appreciable  reproductive 
disadvantage  and  they  sometimes  survive  indefinitely. 
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7.  STRUCTURAL  CHANGES  OF  GREATER  COMPLEXITY 

The  larger  the  number  of  breaks,  the  higher  is  the  probabiHty  that 
nonrestitutional  union  of  the  pieces  will  result  in  one  or  more  acentric, 
dicentric,  or  polycentric  chromosomes  and  thus  result  in  the  death  or 
extreme  abnormality  of  descendant  cells  or  individuals.  The  euploid 
changes  (those  involving  neither  deficiency  nor  duplication)  that  result 
from  just  three  breaks  are  the  following: 

From  breaks  in  three  different  chromosomes,  (1)  translocation  by 
triple  exchange  of  a  rotational  nature,  a  piece  of  A  becoming  attached  to 
the  "stump"  (centromere-bearing  fragment)  of  B,  of  B  to  the  stump  of 
C,  and  of  C  to  the  stump  of  A.  From  two  breaks  in  one  chromosome  and 
one  in  another,  (2)  mutual  translocation,  with  an  inversion  adjoining  it 
in  one  of  the  chromosomes,  or  (3)  translocation  of  the  nonmutual,  deletion- 
insertion  type,  a  piece  being  deleted  from  chromosome  A  and  inserted 
into  chromosome  B  at  the  point  where  B  had  been  broken.  From  three 
breaks  in  the  same  chromosome,  (4)  a  result  denoted  as  shift,  involving 
the  interchange  in  position  of  the  two  interstitial  fragments,  each  in  the 
place  of  the  other,  with  or  without  the  inversion  of  either  one;  this  is,  in 
effect,  deletion-insertion  within  one  chromosome. 

Rearrangements  have  also  been  found  which  involve  many  more  than 
three  breaks.  Some  of  them  are  extraordinarily  complex,  but  in  all 
cases  they  can  be  described  as  combinations  of  the  various  types  of  struc- 
tural changes  already  set  forth. 

In  the  case  of  all  four  of  the  euploid  types  of  rearrangements  resulting 
from  three  breaks,  offspring  receiving  them  will  ordinarily  (barring 
"position  effect")  appear  normal,  since  there  is  no  genie  imbalance. 
,  However,  in  all  cases,  meiosis  in  the  offspring  carrying  both  the  rearranged 
chromosomes  and  (from  their  other  parent)  the  normal  homologues  will 
result  in  the  production  of  some  aneuploid  gametes,  the  zygotes  derived 
from  which  will  die ;  thus  these  types  will  be  at  a  reproductive  disadvan- 
tage, leading  to  their  extinction.  In  the  first  three  of  the  above  four 
types  the  aneuploid  combinations  will  arise  by  means  of  the  recombina- 
tion of  entire  chromosomes,  just  as  happens  with  ordinary  translocations, 
and  the  frequency  of  these  aneuploids  will  usually  be  very  high.  In  the 
last  type,  the  shift,  the  aneuploid  combinations  are  formed  by  crossing 
over,  and  their  frequency  will  therefore  be  lower,  depending  mainly  on 
the  length  of  the  larger  of  the  two  pieces  that  were  interchanged  in  posi- 
tion. The  rearrangements  involving  more  than  three  breaks,  like  those 
involving  three,  are  almost  always,  when  capable  of  surviving  at  all, 
subject  to  reproductive  disadvantages  in  later  generations,  and  hence 
these  also  tend  to  die  out. 

In  the  discussion  of  structural  changes  involving  more  than  one  break, 
only  those  types  have  been  examined  above  in  which  the  union  of  pieces 
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preceded  the  reproduction  of  the  chromosome  to  form  chromatids.  How- 
ever, in  the  section  on  the  consecjuences  of  a  single  break  it  was  pointed 
out  that  union  of  the  broken  ends  sometimes  fails  to  occur  until  after  the 
fragments  have  reproduced.  It  was  seen  that  in  some  of  these  cases  one 
of  the  chromatids  may  undergo  restitution  while  the  other,  failing  to  do 
so,  results  in  acentric  and  eventually  also  in  dicentric  chromosomes. 
Similarly,  when  two  or  more  breaks  have  occurred  the  union  of  some  or 
all  of  the  broken  ends  may  be  delayed  until  after  the  pieces  have  repro- 
duced to  form  chromatids.  Here,  too,  the  sister  fragments  may  there- 
after follow  different  courses  so  that,  for  example,  a  chromosome  broken 
at  two  places  may  give  rise  to  one  chromatid  with  an  inversion  and  one 
with  a  deletion  having  its  breaks  at  the  same  points  as  those  of  the  inver- 
sion. Moreover,  the  chromatid  fragments  may  become  transferred  in 
such  a  way  as  to  result  in  one  daughter  nucleus  having  a  deficiency  while 
the  other  receives  a  duplication,  which  may  be  attached  either  to  the 
homologous  chromosome  that  already  contains  (often  in  an  adjoining 
position)  another  representative  of  the  same  chromosome  region,  or  to  a 
nonhomologous  chromosome.  The  production,  in  this  manner,  of 
daughter  cells  of  different  but  often  more  or  less  complementary  genetic 
types,  derived  from  one  treated  cell,  is  seen  especially  strikingly  when 
spermatozoa  have  been  irradiated,  for  then  a  visibly  mosaic  individual 
may  be  formed,  approximately  half  of  which  is  descended  from  each  of 
the  two  genetically  different  daughter  cells  of  the  "first  cleavage"  stage. 

8.  NONRANDOM  INCIDENCE  OF  THE  CHANGES 
PRODUCED  BY  CHROMOSOME  BREAKAGE 

The  frequencies  with  which  structural  changes  of  different  types  are 
found  following  irradiation  do  not  follow  a  purely  chance  distribution, 
even  when  due  allowance  is  made  for  the  fact  that  some  types  are  much 
more  subject  than  others  to  elimination  before  being  found.  The  most 
marked  irregularity  in  distribution  is  to  be  noted  in  the  great  excess  of 
structural  changes  involving  one  or  more  breaks  in  a  heterochromatic 
(see  last  part  of  Sect.  3)  region  of  a  chromosome,  when  we  take  into  con- 
sideration how  very  short  the  heterochromatic  portions  of  the  chromo- 
some threads  are  in  comparison  with  the  euchromatic  parts.  Most  of 
the  heterochromatin  of  a  normal  chromosome  lies  in  a  short  region  on 
either  side  of  its  centromere,  and  a  very  little  adjacent  to  each  of  its  free 
ends  or  telomeres  (Prokofyeva-Belgovskaya,  1937,  1938;  Muller,  1938); 
yet  a  high  proportion  of  all  the  radiation-induced  translocations,  inver- 
sions, and  deletions  formed  in  Drosophila  have  involved  one  or  more 
breaks  in  a  heterochromatic  region,  usually  in  a  region  near  the  centro- 
mere. So,  for  instance,  in  the  X  chromosome  of  Drosophila  the  hetero- 
chromatin near  the  centromere  occupies  only  about  a  twentieth  the 
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length  of  the  chromosome,  as  seen  in  the  extended  interphase  stage  repre- 
sented by  the  chromosomes  of  the  saUvary  gland,  whereas  something  like 
a  third  of  the  translocations  undergone  by  this  chromosome  have  had 
their  break  in  its  centromeric  heterochromatin. 

It  is  true  that  in  the  condensed  X  chromosome,  as  seen  during  mitosis, 
the  heterochromatin  in  the  neighborhood  of  centromeres  does  occupy 
about  a  third  of  its  length  (Muller  and  Painter,  1932),  and  that  a  similar 
relation  holds  in  the  case  of  the  other  chromosomes,  but  this  is  due  to  the 
large  size  of  certain  chromatin  accretions  called  blocks  (Muller  and 
Gershenson,  1935)  which  are  embedded  in  the  heterochromatin  in  the 
neighborhood  of  the  centromere  at  this  stage.  These  blocks  are  of  the 
nature  of  adventitious  nongenetic  material  (though  produced  under  the 
influence  of  certain  genes  in  their  vicinity),  and  they  do  not  indicate  a 
corresponding  length  of  coiled  "gene-string"  within.  Moreover,  breaks 
are  seldom  if  ever  produced  within  these  blocks  themselves.  Now  it  has 
been  found  that  when  the  genes  for  the  blocks  are  removed,  by  means  of 
a  structural  change,  to  some  other  chromosome  region,  the  heterochro- 
matin which  has  been  separated  from  them  is  still  as  susceptible  to  having 
structural  changes  induced  in  it  as  before,  although  it  now  occupies  about 
as  small  a  fraction  of  the  mitotic  chromosome  as  it  does  of  the  salivary 
gland  (interphase)  chromosome  (Muller,  1944).  Similar  observations 
have  shown  that  this  susceptibility  of  the  heterochromatin  does  not 
depend  upon  the  presence  of  either  the  centromere  or  the  nucleolus  in  its 
vicinity.     It  is  therefore  a  property  of  the  heterochromatic  region  itself. 

This  susceptibility  of  heterochromatin  to  structural  change  does  not 
necessarily  mean  that  it  is  more  easily  broken  by  radiation.  It  is  quite 
possible  that  it  is  broken  no  more  readily  than  euchromatin  is,  per  vmit 
of  length  of  its  chromosome  thread,  but  that  it  is  much  less  likely  than 
euchromatin  to  undergo  restitutional  union  of  its  broken  ends  as  compared 
with  union  between  parts  that  were  not  together  before.  This  might  be 
either  because  its  broken  ends  became  adhesive  later  than  those  of 
euchromatin,  during  the  period  when  the  condensed  chromosomes 
undergo  extension  for  interphase,  or,  more  likely,  because  they  were  more 
subject  to  movement.  The  centromeric  heterochromatin  is  often  under 
special  tension,  which  would  tend  to  move  its  pieces  apart  if  broken. 
Moreover  (as  mentioned  in  the  last  part  of  Sect.  3)  any  heterochromatic 
region  tends  to  undergo  conjugation  with  any  other  heterochromatic 
region,  even  if  the  other  does  not  lie  in  a  homologous  chromosome  posi- 
tion, and  so  these  regions,  in  Drosophila  at  any  rate,  are  probably  more 
subject  than  euchromatic  regions  are  to  forces  of  attraction  which  tend 
to  move  them  about.  Further  evidence  pointing  in  this  direction 
appears  to  be  provided  by  the  finding  of  Prokofyeva-Belgovskaya  (1939; 
Prokofyeva-Belgovskaya  and  Khvostova,  1939),  confirmed  by  Kaufmann 
(1939),  that  there  are  even  within  the  euchromatic  portions  of  Drosoyhila 
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chromosomes  a  considerable  number  of  regions  which  are  much  more 
susceptil)le  than  the  rest  to  liecoming  involved  in  structural  changes,  and 
that,  according  to  the  former  investigator,  these  very  regions  show  some- 
what of  the  same  tendency  to  conjugation  with  other  such  regions,  as 
well  as  with  centromeric  heterochromatin,  as  is  shown  by  the  hetero- 
chromatin  proper.  She  regards  these  interstitial  regions,  therefore,  as 
having  a  composition  somewhat  like  that  of  heterochromatin.  Still 
further  evidence  of  the  effect  of  movement  in  promoting  structural 
change  is  to  be  found  in  Sax's  (1942)  finding  that  already  acentric  pieces, 
produced  by  a  prior  irradiation,  are  much  less  likely  than  centric  ones  to 
undergo  further  structural  change  when  radiation  is  again  applied. 

Not  only  are  certain  chromosome  regions  more  likely  than  others  to 
engage  in  structural  change,  but  it  is  found,  when  the  frequency  of 
different  structural  changes  is  tabulated,  that  they  show  some  tendency 
for  structural  changes  invohdng  a  break  in  one  position  to  have  their 
other  break  in  the  same  chromosome  arm  rather  than  elsewhere.  This  is 
true  despite  the  finding  of  Sax,  just  mentioned,  that  a  break  distal  to 
another  one  is  in  some  circumstances  more  likely  to  restitute.  Thus,  in 
chromosomes  of  Drosophila  with  two  arms  (regions  on  each  side  of  the 
centromere)  of  approximately  ecjual  length,  the  ratio  of  inversions  in 
which  both  breaks  are  in  the  same  arm  (paracentrically)  to  those  in 
which  they  are  in  different  arms  of  the  same  chromosome  (pericentrically) 
or  in  other  chromosomes  (translocations)  is  about  twice  as  high  as  would 
be  expected  on  a  chance  distribution,  as  shown  by  Catcheside  (1938),  by 
Bauer,  Demerec,  and  Kaufmann  (1938),  and  by  Bauer  (1939).  No  doubt 
this  is  in  part  an  expression  of  the  fact,  to  be  discussed  in  Sect.  10,  that 
there  is  a  distance  limitation  on  the  position,  at  the  time  of  breakage,  of 
broken  ends  which  will  be  able  later  to  undergo  union  with  each  other; 
this  at  the  same  time  indicates  that  the  movements  of  ends  relative  to 
one  another,  between  the  time  of  breakage  and  that  of  union,  are  rather 
limited.  In  spite  of  this  there  is  no  pronounced  tendency  for  the  distribu- 
tion of  inversions  of  different  lengths,  yet  long  enough  to  be  readily  dis- 
covered by  cytological  means,  to  depart  from  that  expected  on  a  random 
basis  (Bauer,  Demerec,  and  Kaufmann,  1938;  and  Bauer,  1939). 

There  does,  how^ever,  appear  to  be  a  distinct  tendency  for  structural 
changes  in  which  the  breaks  were  very  near  together,  resulting  in  minute 
deletions,  insertions,  and  inversions,  to  be  more  numerous  than  expected 
on  a  chance  basis.  In  part  their  apparently  higher  frequency  is  due  to 
the  selective  factor  that,  in  the  case  of  deletions  (the  largest  class  among 
those  readily  found),  the  more  minute  ones  survive  better,  but  in  part  the 
discrepancy  in  numbers  seems  to  be  a  real  one.  It  is  probably  to  be 
explained  not  only  by  the  spatial  limitations  on  union  of  broken  ends 
already  mentioned,  but  also  by  a  tendency  for  breaks  to  occur  close 
together,  occasioned  by  the  manner  of  operation  of  the  radiation  in 
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causing  breakage,  discussed  in  Chap.  8.  At  any  rate,  the  result  is  so 
marked  that  it  becomes  justifiable  to  speak  of  "minute  rearrangements" 
as  a  class  more  or  less  to  be  distinguished  from,  although  overlapping 
with,  that  of  "gross  rearrangements"  (MuUer,  Prokofyeva,  and  Raffel, 
1935a,  b;  Muller,  1938).  It  is  noteworthy  that  heterochromatin  is  not 
only  much  more  susceptible  than  euchromatin  to  having  structural 
changes  of  the  gross  type  induced  in  it,  but  also  those  of  the  minute  type, 
and  that  this  higher  susceptibility  to  minute  rearrangement  extends  out 
from  the  heterochromatin  itself  to  include  regions  of  euchromatin  located 
in  its  near  neighborhood.  This  is  found  to  be  true  even  when  the 
euchromatic  regions  in  question  are  normally  located  far  from  hetero- 
chromatin but  have  previously,  in  the  given  cases,  been  placed  in  its 
neighborhood  by  means  of  a  prior  structural  change  (Muller,  Prokofyeva- 
Belgovskaya,  and  Raffel,  1938;  Belgovsky  and  Muller,  1938;  Muller, 
1938). 

Another  expression  of  nonrandomness  in  the  incidence  of  structural 
changes  of  different  types  lies  in  the  evidence  (Bauer,  Demerec,  and 
Kaufmann,  1938;  Muller,  Makki,  and  Sidky,  1939;  Muller,  1940a)  indi- 
cating that  the  number  of  structural  changes  involving  three  or  more 
breaks  is  higher,  relative  to  the  number  involving  two  breaks,  than  would 
be  expected  on  a  chance  distribution.  This  might  be  due  to  differences 
between  cells  in  regard  to  conditions  influencing  the  likelihood  of  break- 
age, and/or  differences  between  them  in  regard  to  conditions,  such  as 
amount  of  chromosome  movement  at  the  critical  stage,  influencing  the 
likehood  of  union  of  ends  derived  from  different  breaks,  and/or  the  fact 
that,  when  a  broken  end  does  unite  with  that  derived  from  a  different 
break,  it  removes  the  possibility  of  restitution  from  the  other  end  derived 
from  the  second  break  and  so  makes  that  end  more  likely  than  it  otherwise 
would  have  been  to  unite  with  an  end  derived  from  a  third  break.  Never- 
theless, on  account  of  the  spatial  limitation,  cells  in  which  four  or  more 
breaks  have  undergone  rearrangement  contain  a  larger  proportion  of 
two  by  two  reciprocal  exchanges  than  if  the  unions  were  completely 
random  (Bauer,  Demerec,  and  Kaufmann,  1938). 

9.  POSITION  EFFECTS  INDUCED  BY  STRUCTURAL  CHANGES 

Only  a  few  paragraphs  will  be  devoted  here  to  the  curious  consequence 
of  structural  change  called  position  effect,  which  has  been  studied  in 
detail  in  Drosophila,  because  there  is  reason  to  believe  that  unlike  most 
genetic  phenomena  studied  in  the  fruit  fly,  it  attains  very  little  expression 
in  most  other  organisms.  In  Drosophila  it  has  been  shown  quite  con- 
clusively that  the  type  and  the  intensity  of  action  of  a  gene  in  producing 
its  effect  upon  the  organism  depends  in  part  upon  what  genes  are  in  its 
immediate  vicinity  in  the  chromosome  thread.     Thus,  when  a  gene  is 
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removed  by  means  of  a  structural  change  from  the  genes  normally  on 
one  side  of  it  and  placed  near  to  others,  its  effect  is  often  changed  some- 
what, much  as  if  it  had  undergone  a  mutation  (see  Sect.  5).  Most  often 
it  undergoes  more  or  less  inactivation,  as  happens  in  many  mutations, 
and  in  that  case  the  organism  with  one  changed  gene  and  one  normal  one 
usually  shows  the  effect  chiefly  of  the  normal,  the  latter  then  being  said 
to  be  dominant  and  the  altered  gene  recessive.  Occasionally,  however, 
the  genes  changed  by  position  effect  are  more  or  less  dominant,  and  in 
these  cases  their  effect  can  sometimes  be  shown  to  be  neomorphic,  i.e., 
qualitatively  different  from  that  of  the  normal  allele  (see  Sect.  13). 
That  the  change  is  entirely  due  to  the  influence  of  the  neighboring  genes 
upon  the  given  gene  is  shown,  for  example,  by  cases  in  which  the  gene  in 
question  is  returned  to  its  original  position,  for  it  is  then  found  to  revert 
to  its  original  mode  of  functioning  (Panshin,  1935;  Dubinin  and  Sidorov, 
1935). 

Although  the  spatial  range  of  the  effect  is  minute,  it  has  been  shown 
that  not  only  directly  adjacent  genes  but  also  those  removed  by  a  distance 
of  one  or  several  genes  can  exert  such  an  influence.  For  this  reason 
several  of  the  genes  located  near  any  point  of  structural  change  are  likely 
to  have  become  affected  in  this  way.  Since  a  considerable  proportion 
of  all  the  genes  perform  some  necessary  function  in  the  complicated  web 
of  biochemical  and  morphogenetic  reactions  upon  which  survival  and/or 
reproduction  depend,  it  is  not  surprising  that,  in  Drosophila,  the  great 
majority  of  structural  changes  (when  received  from  both  parents,  and 
thus  allowed  to  express  their  recessive  effects)  result  in  death  prior  to 
maturity  or  in  sterilit}^,  and  that  many  of  the  remainder  cause  visible 
abnormalities.  This  is  another  reason  why,  in  this  organism,  relatively 
few  of  the  structural  changes  which  arise  can  persist  indefinitely  in  a 
population. 

When  genes  from  a  euchromatic  region  are  by  means  of  a  structural 
change  placed  in  the  vicinity  of  a  heterochromatic  region,  or  vice  versa, 
the  position  effects,  for  some  unknown  reason,  are  usually  more  pro- 
nounced, extend  over  a  larger  distance  (i.e.,  over  a  larger  number  of 
intervening  genes),  and  express  themselves  in  a  peculiar,  variegated  or 
mosaic  manner  (Muller,  1935c,  1938).  At  the  same  time  the  euchro- 
matin  comes  somewhat  to  simulate  in  its  cytological  appearance  and 
behavior  the  heterochromatin  which  has  been  placed  next  to  it,  and  the 
heterochromatin  in  the  same  neighborhood  becomes  more  like  euchro- 
matin.  Under  these  circumstances,  the  addition  of  more  heterochro- 
matin to  the  genetic  composition  (as  when  an  extra  Y  chromosome  has 
been  inherited)  results  in  both  the  eu-  and  heterochromatin  in  the  regions 
near  the  point  of  structural  change  becoming  more  like  euchromatin 
cytologically.  Along  with  this  goes  a  lessening  of  the  abnormality  of 
functioning  of  the  genes  located  near  the  break  in  the  displaced  euchro- 
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matin,  and  an  increase  in  the  abnormality  of  functioning  of  any  in  the 
heterochromatin  which  may  have  been  affected.  Subtraction  of  hetero- 
chromatin  exerts,  as  expected,  the  opposite  influence  on  these  position 
effects. 

Interpretations  of  the  mechanism  of  operation  of  the  position  effect  are 
thus  far  speculative.  One  hypothesis,  proposed  by  Sturtevant  (1925), 
has  been  that  the  effect  is  produced  by  changes  in  the  local  concentration 
of  gene  products,  on  the  assumption  that  the  products  of  a  gene  are  more 
concentrated  in  its  neighborhood,  and  are  likely  to  react  to  a  greater 
extent  with  those  of  another  gene  when  that  other  gene  is  nearby  and 
hence  has  its  products  also  more  available  for  the  interaction.  Thus  the 
removal  or  juxtaposition  of  the  latter  gene  would  affect  the  amount  of 
interaction  and  hence  the  expression  of  any  characteristic  of  the 
organism  which  depends  on  that  interaction.  According  to  another 
hypothesis,  proposed  by  the  present  writer  (1935c,  1941),  a  gene  influ- 
ences another  in  Drosophila  by  subjecting  it  to  localized  physical  forces  of 
stress  and  strain  of  the  same  nature  as  those  which  cause  genes  of  like 
composition  to  be  drawn  together  in  synapsis.  But,  when  the  genes  are 
of  unlike  composition,  as  would  usually  be  true  of  neighboring  genes, 
these  forces  are  exerted  unequally  and  asymmetrically  on  their  different 
parts,  so  as  to  mutually  influence  the  shapes  of  the  genes,  and  with  this 
change  in  shape  would  go  a  change  in  the  type  or  intensity  of  the  chemical 
activity  of  the  gene,  just  as  happens  when  protein  molecules  are  subjected 
to  folding  or  unfolding. 

A  distinct  case  of  position  effect  on  genes  at  two  different  loci  has  been 
found  and  analyzed  by  Gatcheside  (1939,  1947)  in  Oenothera  hlandina. 
The  effect  on  both  genes  here  is  of  the  variegated  (mosaically  expressed) 
type  which  in  Drosophila  is,  as  has  been  mentioned,  characteristically 
exerted  on  genes  of  euchromatin  by  heterochromatin  placed  in  their 
neighborhood.  Nevertheless,  the  studies  of  structurally  changed  chromo- 
somes in  other  organisms  than  Drosophila  are  on  the  whole  conspicuous 
for  the  absence  of  evidence  of  position  effects.  If  they  were  nearly  as 
marked  and  general  in  occurrence  in  most  organisms  as  in  Drosophila, 
it  would  have  been  found  in  other  organisms,  as  in  the  latter  genus,  that 
the  great  majority  of  translocations  caused  lethality  or  sterility,  or  at 
least  some  visible  abnormality,  when  received  from  both  parents.  It  is 
possible  that  this  is  true  in  the  mold  Neurospora.  Yet  in  mice,  as  in 
maize  and  other  forms  in  which  numerous  translocations  have  been 
worked  with,  this  is  certainly  not  the  case  ordinarily.  The  relative 
uniqueness  of  Drosophila  in  this  respect  seems  to  lend  greater  plausibility 
to  the  view  that  the  cause  of  the  position  effect  lies  in  the  same  influences 
as  those  which  bring  about  synapsis.  For  Drosophila,  along  with  most 
other  species  of  Diptera,  differs  from  most  other  organisms  in  having 
these  synaptic  influences  relatively  strongly  expressed,  not  merely  at 
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meiosis  in  the  maturing  germ  cells  but  in  the  ordinary  body  cells  at  all 
times,  as  shown  by  the  fact  that  homologous  chromosomes  even  in 
somatic  cells  and  early  germ  cells  show  a  strong  tendency  to  lie  side  by 
side,  with  homologous  parts  in  apposition.  Hence,  if  these  were  the 
forces  which  also  produced  the  position  effect,  it  would  be  expected  to  be 
especially  pronounced  in  just  this  group  of  organisms. 

An  important  corollary  to  the  relative  insignificance  of  the  position 
effect  in  most  organisms  is  the  inference  that  the  genes  must  be  discrete 
units  or  segments  of  the  chromosome,  sharply  demarcated  from  one 
another  rather  than  forming  one  chemical  continuum  having  no  distinc- 
tion between  intra-  and  intergenic  connections.  If,  as  certain  authors 
have  speculated,  the  genes  are  not  discrete  entities  but  only  regions 
exerting  given  biochemical  effects,  contained  in  one  long,  essentially 
unsegmented  molecule,  then  it  should  not  be  possible  freely  to  break  that 
molecule  at  practically  any  point  and  patch  it  together  again  in  a  different 
alignment  without  radically  altering  the  chemical  structure  and  behavior 
of  the  parts  in  the  neighborhood  of  the  breaks  and  new  attachments. 
This  is  especially  to  be  expected  in  view  of  the  evidence  showing  that 
such  a  large  proportion  of  the  genes  is  important  for  life  or  reproduction. 
It  would  therefore  seem  justified  to  continue  to  regard  them  as  separable 
units,  even  though,  in  certain  organisms,  they  or  their  immediate  prod- 
ucts do  exert  influences,  extending  over  a  short  distance,  on  each  other. 

10.  INFLUENCE  OF  STAGE  OF  CELL  AT  TIME  OF  EXPOSURE 
ON  THE  CONSEQUENCES  OF  CHROMOSOME  BREAKAGE 

The  likelihood  of  production  of  structural  change  by  a  given  exposure 
to  radiation,  and  the  type  of  change  produced,  depends  in  considerable 
measure  upon  what  stage  of  the  cell  cycle  was  treated,  i.e.,  vipon  the 
condition  of  the  chromosomes  at  the  time.  If  a  cell  at  the  time  of 
irradiation  is  (as  would  usually  be  the  case)  in  the  so-called  "metabolic" 
or  "interphase"  stage  (also  miscalled  the  "resting  stage"  to  distinguish 
it  from  the  stages  of  mitosis),  then  its  chromosomes  are  in  a  greatly 
extended,  widely  dispersed  condition,  and  are  usually  undergoing  only 
small-range  movements.  In  this  situation,  even  if  several  different 
chromosome  breaks  have  been  produced,  it  is  very  probable  that  any 
broken  end  will,  by  its  Brownian  movement,  come  into  contact  with  the 
other  broken  end  derived  from  the  same  break,  thus  accomplishing 
restitution,  long  before  it  has  a  chance  to  meet  an  end  derived  from  a 
different  break.  And,  even  in  those  cases  in  which  it  does  fail  to  make  a 
restitutional  contact,  it  is  likely  not  to  meet  with  any  of  the  other  broken 
ends  at  all  until  finally,  after  each  of  the  pieces  has  reproduced  to  give 
two  chromatid  fragments  in  preparation  for  the  next  mitosis,  the  adjacent 
homologous  broken  ends  of  each  pair  of  identical  twin  chromatid  pieces 
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touch  and  join  together,  giving  an  acentric  and  a  dicentric  isochromosome, 
respectively.  The  dicentric  chromosome,  pulled  to  both  opposite  poles 
at  once,  can  then  be  seen  (as  in  Fig.  7-le)  to  form  a  chromatin  bridge 
between  the  daughter  groups  of  chromosomes  at  the  next  anaphase. 
Thus  irradiation  during  interphase  gives  relatively  few  structural  changes, 
and  chief  among  these  are  chromatin  bridges  and  their  complements, 
lagging  acentric  fragments,  while  such  types  of  aberrations  as  trans- 
locations, large  deletions,  and  large  inversions  are  rarely  to  be  found. 
And,  as  later  and  later  interphase  stages  are  irradiated,  lying  nearer  and 
nearer  in  time  to  the  stage  of  chromatid  formation,  these  bridges  and 
fragments  are  produced  in  ever  greater  abundance,  since  less  and  less 
time  is  afforded  for  restitutional  contacts  to  occur  before  the  homologous 
broken  ends  of  the  adjacent  twin  pieces  become  available  for  union  with 
each  other. 

If,  now,  irradiation  is  carried  out  during  some  stage  of  mitosis,  other 
factors  come  into  operation  which  hinder  restitution  and  favor  the 
eventual  union  of  ends  derived  from  different  breaks,  resulting  in  struc- 
tural changes.  It  has  long  been  known  that  when  chromosomes  are 
irradiated  while  they  are  in  the  tightly  spiralized,  condensed  condition 
characteristic  of  late  prophase,  metaphase,  anaphase,  and  early  telophase, 
they  do  not  in  most  cases  appear  to  be  broken  at  the  time,  although  there 
are  exceptions  in  some  material  [see,  for  instance,  A.  R.  Whiting's  (1945) 
results  on  meiotic  divisions  of  Habrobracon].  However,  when  the  con- 
densing chromosomes  reappear  at  the  next  mitosis,  after  the  intervening 
interphase  has  elapsed,  structural  changes  of  varied  types  are  to  be  found 
among  them  in  relatively  great  abundance,  as  compared  with  what  would 
have  followed  irradiation  during  most  of  the  interphase  period.  It  is  evi- 
dent from  this  result  that  the  chromosomes  when  in  a  condensed  condition 
are  in  most  cases  not  able  to  fall  apart  into  fragments,  because  of  some 
enveloping  material,  but  that  their  inner  threads  nevertheless  become 
effectively  broken  by  radiation.  Moreover,  while  in  this  condensed 
stage,  the  broken  ends  of  the  threads,  although  bound  close  together 
passively  by  the  material  which  prevents  the  pieces  from  falling  apart, 
are  for  some  chemical  reason  unable  to  adhere  actively  to  one  another  so 
as  to  undergo  actual  restitution,  for  otherwise  their  potentiality  of 
later  giving  rise  to  strvicturally  changed  chromosomes  would  be  lost. 
It  must  therefore  be  concluded  that  the  breaks  persist,  although  invisible, 
throughout  the  condensed  stage,  and  that  the  pieces  later,  probably  in 
late  telophase,  tend  to  fall  apart  before  the  ends  acquire  their  mutual 
adhesiveness.  As  the  chromosomes  at  about  this  time  begin  to  enter 
their  relatively  unspiralized,  extended  phase,  their  parts  must  undergo 
much  more  movement  relative  to  one  another  than  before.  Conse- 
quently, when  the  broken  ends  have  finally  become  adhesive,  they  are 
now  much  less  likely  to  find  the  other  end  from  which  they  had  been 
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broken  off  (leading  to  restitution)  and,  conversely,  more  likely  to  come 
into  contact  with  ends  derived  from  other  breaks  than  if  they  had  been 
broken  during  interphase,  after  their  positions  had  become  largely 
stabilized.  Thus  diverse  structural  changes  finally  result  from  irradia- 
tion during  mitosis. 

The  above  analysis  was,  in  fact,  first  arrived  at  through  studies  (Muller, 
1939b,  c,  d,  1940a)  of  the  effects  of  irradiation  apphed  to  the  chromosomes 
in  mature  spermatozoa  rather  than  in  mitotic  stages.  In  mature 
spermatozoa  as  in  mitotic  stages  the  chromosomes  are  in  a  highly  spiral- 
ized,  condensed  condition.  It  was  possible  to  prove,  by  noting  the 
effect  of  variations  in  the  timing  and  the  dosage  of  the  radiation  on  the 
frequency  of  structural  change,  that  the  breaks  arising  in  these  sperma- 
tozoan  chromosomes  are  all  retained  as  such,  without  restitution,  until 
after  fertilization,  when  the  pieces  become  able  to  enter  into  diverse  forms 
of  structural  rearrangement.  Hence  irradiation  of  spermatozoa,  as  well 
as  that  of  cells  in  and  near  mitosis,  is  much  more  likely  to  lead  to  struc- 
tural changes  than  is  irradiation  of  ordinary  interphase  nuclei.  Some 
results  have  recently  been  obtained  by  Ray-Chaudhuri  and  Sarkar  (1952) 
which  they  interpret  as  indicating  a  similar  delay  in  fusion  of  broken  ends 
in  locust  (Gesonia)  spermatocytes.  However,  in  cytes,  unUke  sperma- 
tozoa, the  high  degree  of  separation  of  the  chromosomes  allows  much  less 
opportunity  for  contact  between  different  chromosomes  or  chromosome 
regions  before  union  occurs.  In  conformity  with  this  situation  it  has 
been  found  that  most  of  the  structural  changes  induced  in  Drosophila 
oocytes  are  intrachromosomal,  and  mainly  in  the  class  of  minute  changes 
(Glass,  1940;  Muller,  R.  M.  Valencia,  and  J.  I.  Valencia,  1950). 

Although  there  must  be  some  movements  of  broken  ends  to  enable  ends 
derived  from  different  breaks  to  meet  and  result  in  structural  changes, 
nevertheless  these  movements  are  rather  restricted  in  range,  even  in  the 
production  of  translocations  in  chromosomes  derived  from  irradiated 
spermatozoa.  The  evidence  from  neutron  irradiation  (cited  in  Chap.  8) 
shows  that  two  breaks  which  were  produced  in  close  proximity  in  the 
spermatozoon  give  a  much  better  chance  of  leading  to  a  structural  change 
than  do  two  breaks  that  were  farther  apart  at  the  time  they  were  pro- 
duced. This  type  of  spatial  restriction  must  be  far  more  marked  when 
the  irradiation  is  applied  to  interphase  nuclei,  since  in  these  the  chromo- 
somes remain,  relative  to  their  lengths,  much  more  fixed  in  position 
between  the  times  of  breakage  and  union. 

The  influence  of  movement  in  promoting  structural  change  is  further 
shown  in  Sax's  (1942)  treatments  of  Tradescantia  microspores  with  two 
successive  irradiations.  Chromosomes  broken  by  the  earlier  irradiation 
were  found  to  have  more  breaks  that  failed  to  restitute  produced  by  the 
later  irradiation  in  their  centric  fragment,  which  is  of  course  more  subject 
to  movement,  than  in  their  acentric  fragment.     Moreover,  Sax  (1943) 
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also  showed  that  centrifuging,  which  of  course  causes  the  chromosome 
parts  to  be  moved  about,  increases  the  frequency  of  structurally  changed 
chromosomes  produced  by  irradiation.  So  too  does  sonic  vibration 
(Conger,  1948). 

Another  limiting  factor  in  the  production  of  structural  changes  is  their 
time  restriction.  According  to  Sax's  (1939,  1940)  interpretation  of  his 
results  with  Tradescantia  microspores — an  interpretation  accepted  by 
most  other  workers  but  now  disputed  by  Lane  (1951),  the  broken  end  of 
an  interphase  chromosome  has  little  chance  of  undergoing  union  with 
that  derived  from  another  break  unless  the  two  breaks  have  been  pro- 
duced within  a  rather  short  time  interval  of  each  other,  usually  of  the 
order  of  some  tens  of  minutes ;  otherwise  the  broken  end  will  in  the  great 
majority  of  cases  have  come  into  contact  with  the  complementary  end 
derived  from  the  same  break,  so  as  to  undergo  restitution.  This  interpre- 
tation is  based  on  Sax's  finding  that  a  given  dose  of  radiation  applied  to 
interphase  cells  of  microspores,  if  fractionated  in  time  or  delivered  at  a 
low  intensity  over  a  long  period,  produces  fewer  structural  changes,  pre- 
sumably because  of  more  restitutions,  than  if  delivered  in  concentrated 
manner  in  a  few  minutes  or  seconds.  A  higher  temperature  during  treat- 
ment has  been  shown  by  Sax  and  Enzmann  (1939)  to  have  an  effect  on 
this  result  similar  to  that  of  lengthening  the  time;  this  would  be  because 
it  causes  a  speeding  up  of  the  movements  whereby  the  ends  meet  each 
other.2  Lane  (1951)  finds,  however,  in  his  experiments  on  Tradescantia 
microspores,  that  irradiation  causes  chromosomes  to  acquire  a  resistance 
(which  for  a  considerable  period  continues  to  increase)  to  breakage  by 
later  irradiation,  and  he  believes  the  lesser  efficiency  of  prolonged  and  of 
fractionated  radiation  (and  presumably  of  that  applied  at  a  higher 
temperature)  to  be  entirely  explained  in  this  way,  without  assuming  that 
union  can  occur  during  interphase,  in  this  material.  Nevertheless,  the 
fact  that  in  many  experiments  the  structural  changes  produced  by 
irradiating  long  before  mitosis  involve  whole  chromosomes  rather  than 
chromatids  shows  that  in  these  cases  union  occurred  before  effective 
chromosome  reproduction  into  chromatids  occurred,  i.e.,  at  some  time 
during  interphase,  when  the  chromosomes  were  in  an  extended  condition. 

In  recapitulation,  it  may  be  observed  that  the  far  lower  frequency  of 
both  viable  (eucentric)  and  inviable  (aneucentric)  structural  changes 
induced  by  irradiation  of  ordinary  interphase  stages  than  by  that  of 
spermatozoan  and  mitotic  stages  must  in  considerable  measure  be  the 
result  of  the  greater  spatial  limitation  on  union  of  broken  ends  when  the 

2  It  will  be  noted  in  Chap.  8,  however,  that  there  are  one  or  more  other  ways  in 
which  temperature  can  influence  the  frequency  of  production  of  structural  changes, 
quite  apart  from  that  discussed  above.  These  other  types  of  temperature  influence 
may  operate  even  when  condensed  chromosomes  are  irradiated. 
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breaks  are  produced  in  interphases.  If,  as  is  usually  held  to  be  the  case, 
there  is  also  a  greater  time  limitation  during  most  interphases,  this  would 
constitute  a  second  circumstance  working  in  the  same  direction.  Work- 
ing in  the  same  direction  also,  as  far  as  the  formation  of  inviable  iso- 
chromosomes  is  concerned,  is  the  third  circumstance,  that  during  most 
of  the  interphase  stage  the  chromosome  threads  behave,  in  regard  to 
breakage  by  radiation,  as  though  they  were  single,  and  also  manage  to 
have  their  broken  ends  unite  before  they  become  effectively  double, 
while  for  chromosomes  irradiated  during  or  shortly  before  entering  a  con- 
densed stage  one  or  both  of  these  conditions  usually  fails  to  hold,  and 
dicentric  and  acentric  isochromosomes  can  be  formed  in  consequence. 
It  is  not  yet  known  whether  these  three  circumstances  are  the  only  ones 
which  lie  at  the  basis  of  the  special  resistance  of  most  interphases,  as  com- 
pared with  premitotic,  mitotic,  and  spermatozoan  stages,  to  having  struc- 
tural changes  produced  in  them,  or  whether  in  addition  the  chromosomes 
are  actually  less  breakable  during  interphase,  but  there  is  at  present  no 
way  of  measuring  their  breakability,  uncomplicated  by  phenomena 
involving  union  of  broken  ends. 

The  greater  vulnerability  of  spermatozoan  chromosomes  to  structural 
change  constitutes  the  chief  reason  that  spermatozoa  have  usually  been 
chosen  for  irradiation  in  experiments  in  which  the  production  of  such 
changes  was  desired.  Conversely,  this  is  also  the  reason  that  it  is  desir- 
able, for  the  production  of  offspring  as  free  of  structural  chromosome 
changes  as  possible,  to  allow  a  sufficient  interval  (in  mammals,  of  some 
months)  to  elapse  after  irradiation  of  the  male  before  reproduction  is 
allowed.  For  in  this  way  the  germ  cells  which  were  in  immature  sperma- 
togonial  interphase  stages  at  the  time  of  irradiation  have  been  given  time 
to  replace  those  which  were  irradiated  while  in  the  mature  condition. 
As  for  the  female,  it  has  been  noted  previously  that  the  higher  degree  of 
dispersion  of  the  nonhomologous  chromosomes  of  oocytes  results,  in 
Drosophila,  in  fewer  translocations  being  produced  by  irradiation  of 
oocytes  than  of  spermatozoa.  In  mammals,  however,  some  transloca- 
tions have  been  induced  by  irradiation  of  oocytes,  although  their  fre- 
quency remains  to  be  better  determined.  It  is  not  known  how  much,  if 
any,  the  frecjuency  of  these  would  be  reduced  by  increasing  the  interval 
between  irradiation  of  the  female  and  reproduction ;  since  in  mammals  the 
oocyte  stage  persists  for  a  very  long  period,  it  may  be  that  the  stage 
sensitive  to  the  production  of  structural  changes  lasts  much  longer  in 
female  than  in  male  mammals. 

Finally,  the  above  principles  appear  to  provide  the  chief  reason  that 
there  is  so  much  more  damage  caused  by  radiation  to  somatic  tissues  in 
which  cell  divisions  are  abundant  than  in  those  in  which  they  are  rare  or 
absent.     Additional  reasons  for  the  greater  damage  to  tissues  with  more 
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frequent  mitosis  are  the  facts  (1)  that  radiation  also  induces  aneuploidy 
by  nondisjunction  and  by  lagging  of  whole  chromosomes  when  it  is 
applied  within  a  limited  period  (some  days)  before  mitosis  (see  Sect.  3-2) 
and  (2)  that  unless  a  cell  undergoes  at  least  one  mitosis  subsequent  to  its 
irradiation,  any  structural  changes  that  may  have  been  induced  in  it 
must  fail  to  result  in  either  chromosome  bridges  or  aneuploidy  of  any 
kind,  and  hence  must  remain  comparatively  innocuous. 

These  radiogenetic  considerations,  then,  furnish  an  explanation  of  the 
high  correlation  between  the  amount  of  proliferative  activity  of  an 
organism,  organ,  tissue,  or  type  of  cell,  and  its  susceptibility  to  being 
damaged  by  radiation  or  other  agents  (such  as  mustards)  that  cause 
structural  chromosome  changes.  It  is  only  to  be  expected,  on  this  basis, 
that  the  younger  an  individual  is,  all  the  way  down  to  the  stages  of  early 
cleavage,  the  greater  is  the  damage  caused  by  a  given  dose  of  radiation; 
that  those  parts  are  most  affected,  and  most  checked  in  growth,  which 
grow  more  actively;  that  regeneration  and  wound  healing  tend  to  be 
inhibited;  and  that  in  the  adult  the  tissues  selectively  affected  are 
germinal  tissues,  blood-forming  tissues,  the  epidermis  and  its  derivatives, 
mesodermal  parts  that  require  cellular  replacement,  proliferative  endo- 
thelia  and  endodermal  epitheUa,  and  mahgnant  growths  of  all  kinds. 

On  the  other  hand,  it  must  not  be  assumed  that,  in  general,  develop- 
mental abnormalities  that  result  from  irradiation  of  the  embryo  are 
always  expressions  of  chromosomal  damage.  Processes  of  morphogenesis 
can  be  affected  during  their  sensitive  stages  by  the  influence  of  radiation 
just  as  by  other  toxic  influences,  such  as  high  temperature  or  certain 
chemicals,  so  as  to  shunt  them  into  some  abnormal  direction,  without 
any  significant  genetic  change  having  been  induced  in  the  nuclei  of  the 
cells  concerned.  That  this  is  the  case  in  irradiated  Drosophila  embryos 
was  found  by  Lamy  and  Muller  (1939)  by  comparison  of  the  effects  on 
diploids  and  polyploids :  these  failed  to  show  the  consistent  differences  to 
have  been  expected  between  them  if  the  effects  had  had  a  genetic  basis. 
That  the  radiation  damage  to  developing  individuals  which  causes  their 
death  is,  however,  in  some  cases  due  to  genetic  changes  was  shown  by  the 
contrary  results  of  A.  R.  Whiting  and  Bostian  (1931)  and  of  Clark  and 
Kelly  (1950),  who  used  similar  techniques  with  immature  stages  of  the 
wasp  Habrohracon  which  differed  from  one  another  in  the  number  of 
their  contained  chromosome  sets.  In  the  latter  material  the  damage  was 
inversely  correlated  with  chromosome  number  in  just  the  manner  to  be 
expected  of  the  effects  of  induced  chromosomal  changes.  In  cases  in 
which  the  question  is  not  concerned  primarily  with  the  determination  of 
the  type  of  morphogenetic  processes,  but  rather  with  the  capacity  of 
tissues  for  proliferation  and  survival,  we  are  on  firmer  ground  in  invoking 
chromosome  change  as  the  usual  means  by  which  ionizing  radiation  pro- 
duces its  long-term  damage. 
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11.   MANNER  OF  INCIDENCE  OF  RADIATION-INDUCED 
AND  SPONTANEOUS  MUTATIONS  OF  GENES 

The  genetic  effect  of  ionizing  radiation  that  is  most  important  in  its 
long-term  consequences  for  an  exposed  population  is  the  production  of 
gene  mutations,  i.e.,  permanent,  heritable  changes  in  individual  genes. 
This  is  also  the  genetic  effect  of  radiation  that  is  of  greatest  theoretical 
significance.     Nevertheless,    gene    mutations    are   by   no   means   effects 
peculiar  to  radiation,  for  mutations  of  sensibly  the  same  types  are  con- 
tinually arising  "spontaneously"   on  a  widespread  scale,   without  the 
application  of  radiation  or  any  other  special  treatment.     Moreover,  they 
can  also  be  influenced  greatly  in  their  frequency  of  occurrence  by  various 
conditions  and  agents  other  than  radiation.     Radiation  is,  however,  the 
first   highly   effective   means   that   was   discovered   for   producing   gene 
mutations  in  quantity,  as  was  shown  in  experiments  on  X-rayed  Drosoph- 
ila  carried  out  by  the  present  writer  in  1926-27  (Muller,  1927,  1928a,  b,  d) 
and  soon  afterward  confirmed  in  the  same  material  by  Weinstein  (1928). 
Moreover,  it  still  remains  in  the  first  rank  of  agents  having  this  effect. 
The  effect  is  produced  by  ionizing  radiation  of  varied  kinds.     The  first 
decisive  results  with  ionizing  radiations  other  than  X  rays  were  reported 
by  Hanson  (1928,  et  seq.),  working  in  consultation  with  Muller,  for  (8  and 
7  rays;  by  Ward  (1935),  working  under  Altenburg's  direction,  for  a  rays; 
and  by  Nagai  and  Locher  (1937),  working  under  Altenburg's  direction, 
for  neutrons.     The  effect  is  also  produced  by  ultraviolet,  as  was  first 
shown  by  Altenburg  (1930),  after  earlier  negative  results  in  1928. 

Work  on  the  production  of  mutations  by  X  rays  in  higher  plant  mate- 
rial was  being  carried  out  by  Stadler  and  by  Goodspeed  and  Olson  inde- 
pendently of  and  simultaneously  with  the  earhest  successful  experiments 
along  these  lines  in  Drosophila  but,  on  account  of  the  longer  time  neces- 
sary for  the  growth  of  the  plants,  the  definitive  generations  were  not 
obtained  until  1928  (Goodspeed  and  Olson,  1928;  Stadler,  1928a,  b, 
1930,  et  seq.).  In  Stadler's  work,  recessive  "point  mutations"  (a  general 
term  for  mutations  showing  regular  Mendelian  inheritance  and  not  con- 
nected with  gross  chromosome  changes)  were  produced  both  in  maize  and 
in  barley.  As  will  be  noted  in  more  detail  in  Sect.  16,  however,  Stadler 
has  been  inclined  to  interpret  most  or  all  of  these  point  mutations  pro- 
duced by  X  rays  in  his  material  as  minute  deficiencies  rather  than  as  true 
gene  mutations,  while  the  mutations  which  he  much  later  obtained  by 
ultraviolet  in  maize  show  more  agreement  in  their  characteristics  with 
the  spontaneous  changes  generally  regarded  as  gene  mutations.  In 
Drosophila,  on  the  other  hand,  it  was  evident  practically  from  the  start, 
from  the  series  of  varied  alleles,  including  mutations  in  the  reverse 
direction,  arising  at  given  loci,  that  gene  mutations  were  being  produced 
by  the  ionizing  radiation.     In  Goodspeed's  experiments  the  main  changes 
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observed  proved  to  be  gross  chromosomal  aberrations,  and  it  remained 
possible  to  apply  this  interpretation  even  to  those  changes  which  were 
inherited  in  a  more  or  less  Mendelian  manner. 

Although  the  works  mentioned  were  the  first  to  give  definite  evidence 
of  the  abundant  production  by  radiation  of  point  mutations  and  struc- 
tural chromosome  changes  that  were  transmitted  to  subsequent  genera- 
tions, they  had  of  course  been  led  up  to  by  a  long  succession  of  experi- 
ments on  the  effects  of  ionizing  radiation  on  the  hereditary  material. 
Thus  the  production  of  abnormal  and  moribund  embryos  from  irradiated 
sperm  in  amphibia,  mammals,  fish,  and  echinoderms,  reported  in  the 
years  1907  to  1913  (see  Chap.  8,  Sect.  14),  had  been  generally  regarded  by 
those  conducting  the  experiments  as  evidence  of  damage  to  genetic 
material  in  the  chromosomes.  It  was,  however,  much  longer  before  clear- 
cut  results  capable  of  genetic  interpretation  could  be  obtained. 

It  is  true  that  certain  suggestive  results  were  reported.  Among  these 
were  alterations  in  the  manner  of  growth  and  nutritional  requirements  of 
mold  colonies,  produced  by  radiation  in  work  of  Dauphin  (1904) ;  somatic 
abnormalities,  not  transmitted  to  the  next  generation,  which  were  found 
by  Gager  (1908a,  b)  in  Oenothera  derived  from  germ  cells  treated  with 
radium;  and  two  peculiar  variations.  Beaded  and  Truncate  wings,  of 
unclear  mode  of  inheritance,  found  by  Morgan  (1911)  in  descendants  of 
radium-treated  Drosophila.  Loeb  and  Bancroft  (1911)  also  reported 
finding  some  mutations  in  Drosophila  after  radium  treatment,  but  their 
manner  of  appearance,  in  both  treated  and  control  lots,  led  other  Dro- 
sophila workers  to  infer  that  the  genes  concerned  had  been  present 
heterozygously  in  the  original  stocks.  Similar  doubts  seemed  justified  in 
the  case  of  the  mutations  found  by  Guyenot  (1914)  after  ultraviolet  treat- 
ment of  Drosophila.  On  the  other  hand,  in  a  number  of  experiments  on 
other  material,  negative  results  of  radiation  treatments  on  the  character- 
istics of  later  generations  were  reported,  but  these  could  not  be  regarded 
as  definitive  either. 

The  attack  had  been  renewed  in  the  third  decade  of  this  century. 
For  example,  Unterberger  (1922)  reported  obtaining  butterflies  of  a  size 
which  diminished  from  generation  to  generation  among  the  descendants 
of  irradiated  but  not  among  those  of  nonirradiated  individuals,  yet  results 
of  this  kind  (which  have  not  been  obtained  by  others)  appear,  on  genetic 
grounds,  to  be  very  dubious.  Again,  Little  and  Bagg  (1923),  on  inbreed- 
ing descendants  of  mice  which  had  been  irradiated,  did  find  four 
undoubted  mutations  of  different  kinds,  but  their  controls,  which  were 
only  half  as  numerous,  showed  two  mutations,  one  of  them  identical 
with  one  of  those  in  the  treated  series.  (In  the  light  of  present  knowl- 
edge, the  dose  used  by  them  was  so  small  that  no  statistically  perceptible 
genetic  effects  would  be  expected  from  it.)  Nadson  and  Philippov 
(1925),  on  the  other  hand,  certainly  obtained  inherited  abnormalities 
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with  a  much  higher  frequency  in  the  descendants  of  irradiated  than  of 
nonirradiated  molds,  but  here  genetic  analyses  were  wanting,  and  the 
results  might  have  been  attributed  to  such  phenomena  as  somatic  segre- 
gation or  nondisjunction.  Gager  and  Blakeslee  (1927),  on  going  over  a 
body  of  data  on  descendants  of  radium-treated  Datura,  obtained  before 
1922,  and  comparing  it  with  control  data  obtained  since  that  time,  were 
able  to  show  that  many  so-called  "chromosome  mutants"  had  indeed 
been  produced  by  the  radiation,  but  most  of  these  were  types  having  an 
entire  but  normal  extra  chromosome,  brought  about  by  nondisjunction, 
an  already  known  effect  of  radiation  (see  Sect.  3-2).  There  was  however 
one  case  of  a  structurally  changed  chromosome,  and  two  cases  of  reces- 
sive visible  mutations. 

The  reason  that  other  investigations,  carried  out  in  the  later  1920's, 
succeeded  in  obtaining  more  conclusive  results  than  all  these  lay  in 
the  great  developments  which  both  genetic  technique  and  genetic 
theory,  based  on  studies  of  nonirradiated  material,  had  by  that  time 
undergone.  These  made  discriminations  between  mutagenesis,  on  the 
one  hand,  and  both  environmentally  induced  "modifications"  and 
genetic  effects  of  inbreeding,  on  the  other  hand,  more  precise,  and  also 
made  the  analyses  into  different  classes  of  heritable  changes  more 
informative. 

In  order  to  view  the  more  definitive  work  on  the  production  of  changes 
in  genes  by  means  of  radiation  in  its  proper  perspective,  the  results  of  the 
prior  work  on  gene  mutation  and  its  converse,  gene  stability,  in  the 
absence  of  artificially  appfied  radiation,  should  be  briefly  reviewed  here. 
Considerable  evidence  had  accumulated — for  instance,  in  the  work  of 
Johannsen  (1909)  on  beans  and  of  Muller  and  Altenburg  (1919)  on 
Drosophila — that  genes  are  ordinarily  very  stable.  Although  they  are 
capable  of  undergoing  "spontaneous"  permanent  changes  these  changes 
are,  for  any  given  gene,  rare,  sudden,  and  discrete,  causing  the  gene  to 
pass  from  one  stable  state  to  another.  The  stability  of  each  gene  is  such 
as  to  preclude  its  undergoing  frequent  small  fluctuations  of  an  inheritable 
nature,  as  assumed  on  the  view  of  "continuous  variation."  If  these  fre- 
quent small  changes  occurred  they  would  tend  to  accumulate,  so  as  to 
result  in  changes  of  perceptible  size,  and  these  perceptible  changes  of 
any  gene,  when  classified  according  to  size  and  number,  would  then  be 
grouped  in  a  "probability  distribution,"  and  would  make  possible  the 
progressive  success  of  continuous  selection  of  a  given  gene  in  a  given 
direction.  This  is  contrary  to  the  results  of  exact  observations  on  gene 
changes  (Muller,  1918,  1920;  Altenburg  and  Muller,  1920). 

The  finding  that  an  individual  gene  undergoes  a  definite  transformation 
when  it  mutates  spontaneously,  and  that  in  the  intervals  between  muta- 
tions it  maintains  a  fixed  composition,  was  difficult  to  interpret  except  by 
the  view  that  each  gene,  like  a  molecule,  has  a  distinctive  chemical  struc- 
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ture,  and  that  its  mutation  represents  a  change  in  that  structure  which, 
Hke  all  chemical  changes,  is  subject  to  the  all-or-none  rule  of  cjuantum 
events.  The  same  principle  of  sudden  discrete  change,  preceded  and 
followed  by  stability,  was  then  found  to  hold  for  the  mutations  induced 
by  radiation.  This  result,  obtained  with  an  agent  known  to  cause 
individual  quantum  changes  of  atoms  and  molecules,  tended  to  confirm 
the  interpretation  of  mutation  as  involving  definite  chemical  recombina- 
tion. In  a  sense,  however,  this  is  almost  stating  the  case  backwards, 
since  it  was  chiefly  these  and  related  considerations,  given  below,  which 
had  led  the  writer  to  the  testing  out  of  the  possibility  that  ionizing  radia- 
tion produces  mutations. 

The  view  that  a  gene  mutation  represents  a  definite  chemical  change  in 
the  composition  of  the  gene  does  not  imply  that,  as  in  a  reaction  in  a 
test  tube,  a  definite  product  could  be  produced  to  order  by  adding  a 
certain  reagent  or  arranging  conditions  in  a  certain  way.  Mutation 
does  not  occur  on  a  molar  scale  but,  on  the  contrary,  each  mutation 
represents  one  submicroscopic  transformation,  instigated  by  a  physico- 
chemical  situation,  the  minute  localization  of  which,  in  the  effective 
neighborhood  of  this  gene  or  that  gene,  must  depend  upon  the  many 
chance  factors  of  what  Troland  (1917)  aptly  called  "the  molecular 
chaos."  That  this  was  the  case  was  at  that  time  already  indicated  by  the 
fact  that  spontaneous  mutations  appeared  to  happen  largely  at  random, 
without  reference  to  the  type  of  environment.  Even  under  the  most 
constant  conditions  of  living  obtainable,  mutations  of  the  most  diverse 
kinds  continued  to  arise  in  an  apparently  sporadic  fashion,  while,  con- 
versely, changing  the  environment  had  no  discernible  effect  in  causing 
mutations  of  given  types  to  be  found.  Moreover,  when  a  mutation 
arose,  only  one  gene  in  the  given  chromosome,  and  indeed  in  the  nucleus, 
underwent  change  at  a  time. 

Especially  telling  was  the  evidence,  the  significance  of  which  was 
pointed  out  by  the  present  writer  (1920,  1922),  showing  that  when  muta- 
tion occurs  in  a  gene  in  a  given  chromosome  of  a  diploid  cell,  the  homolo- 
gous gene  of  identical  composition,  which  in  Drosophila  lies  in  a  cor- 
responding position  in  the  homologous  chromosome  at  a  distance  from 
the  first  gene,  usually,  of  only  a  fraction  of  a  micron  (because  of  the  close 
pairing  of  the  chromosomes  even  in  ordinary  interphase  stages  in  Dro- 
sophila), fails  to  undergo  any  change  at  all.  Thus  the  mutation  could 
not  have  been  due  to  the  presence,  in  molar  amount  in  the  cell,  of  some 
special  chemical,  of  such  composition  as  to  have  a  pronounced  proclivity 
for  reacting  with  that  particular  type  of  gene  rather  than  with  genes  of 
other  types.  For  in  that  case  there  would  have  been  a  tendency  for  both 
identical  genes  to  have  been  attacked  at  once.  Instead,  the  decision  that 
this  gene  rather  than  another  one  underwent  mutation  on  a  given  occa- 
sion evidently  depended  upon  the  chance  ultramicroscopic  distribution  of 
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pointlike  disturbances,  of  such  a  nature  as  to  be  capable  of  changing 
practically  any  gene.  Now  this  is  just  the  mode  of  operation  of  radiation 
when  it  is  applied  to  a  complex  mixture  of  organic  substances  in  aqueous 
solution. 

It  was  not  so  surprising,  then,  that  radiation  should  prove  to  be  efTective 
in  the  causation  of  gene  mutations.  This  being  the  case,  it  was  also 
quite  in  line  with  expectation  that  the  radiation  mutations  of  genes,  like 
the  spontaneous  ones,  should  be  found  to  occur  according  to  a  sporadic, 
pointwise,  essentially  fortuitous  pattern  of  incidence.  This  resemblance 
extended  even  to  the  finding  that  the  gene  mutations  produced  by  radia- 
tion in  diploid  cells  involved  only  one  of  any  two  identical  genes  present 
(Muller,  1928d). 

A  further  parallelism  lay  in  the  fact  that,  as  had  already  been  shown  for 
the  spontaneous  gene  mutations  (Bridges,  1919;  Muller,  1920,  1928c; 
Muller  and  Altenburg,  1921),  the  occurrence  of  radiation  mutations  was 
found  not  to  be  confined  to  any  given  type  of  cell  or  period  of  develop- 
ment, since  analysis  of  experiments  designed  to  test  these  questions 
showed  the  mutations  to  be  produced  in  either  mature  or  immature 
stages  of  the  individual,  in  females  or  males,  and  in  germinal  or,  as  first 
shown  by  Patterson  (1929),  somatic  cells.  It  is  true,  however,  that  their 
frequencies  of  production  in  some  of  these  different  situations  did  appear 
somewhat  different — a  matter  to  be  taken  up  in  more  detail  in  Chap.  8. 
Now  the  mutations  that  were  produced  in  early  (primordial  or  gonial) 
germ  cells  necessarily  resulted  in  a  whole  group  of  offspring  carrying  the 
same  mutant  gene  (Harris,  1929).  Similarly,  those  produced  in  somatic 
cells  which  later  proliferated  resulted  in  a  whole  patch  of  tissue  or  part  of 
the  body  having  the  mutant  gene. 

It  should  be  observed  that  these  cases  of  the  derivation  of  a  visibly 
abnormal  portion  of  the  body  from  a  single  mutant  cell  illustrate  by 
analogy  the  gene-mutation  interpretation  of  the  causation  of  some 
malignant  growths.  If  any  of  these  somatic  mutations  should  chance  to 
be  of  such  a  nature  as,  singly  or  (more  likely)  in  combination,  to  result  in 
continued  unregulated  prohferation,  a  neoplasm  or  other  malignancy 
would  thereby  have  been  induced.  In  view  of  the  great  number  of 
different  genes  in  every  cell,  the  exceedingly  diversified  character  of 
different  gene  mutations,  and  the  vast  number  of  cells  in  the  adult  body 
which  are  still  capable  of  undergoing  some  proliferation,  it  would  be 
strange  indeed  if  a  gene  mutation,  or,  eventually,  a  combination  of 
mutations,  did  not  sometimes  arise,  which  conferred  on  the  cell  containing 
it  the  property  of  proliferating  to  an  unlimited  extent,  even  in  the  face 
of  the  checks  to  growth  which  are  continually  provided  by  the  regulative 
morphogenetic  influences  of  the  surrounding  normal  tissues. 

It  is  not  to  be  expected  that  additions  or  subtractions  of  whole  chromo- 
somes or  even  of  gross  parts  of  chromosomes  would,  as  postulated  in  the 


394  RADIATION   BIOLOGY 

pioneer  suggestions  of  Boveri  (1914)  when  he  proposed  the  somatic 
mutation  view  in  its  first  crude  form,  provide  any  material  sul)tly  and 
delicately  enough  differentiated  to  succeed  in  carrying  out  such  growth 
in  the  face  of  the  competition  and  opposition  of  the  normal  tissues.  But 
mutations  and  perhaps  also,  sometimes,  minute  losses  of  genes — in  any 
case  what  are  called  "point  mutations"  (a  term  somewhat  broader  than 
"gene  mutations" — see  p.  389)  should  afford  a  sufficient  range  and 
specificity  of  changes  to  include  an  occasional  alteration  having  such  an 
effect.  As  one  line  of  evidence  that  such  is  the  case,  it  is  to  be  observed 
that  the  point-wise,  sporadic  manner  of  origination  of  malignant  develop- 
ments finds  a  parallel  in  the  manner  of  occurrence  of  mutations.  More- 
over, the  fact  that  the  same  agent,  namely,  radiation  (either  ionizing  or 
ultraviolet) ,  which  produces  mutations  is  also  effective  in  producing  these 
growths  adds  to  the  plausibility  of  the  interpretation.  A  further  discus- 
sion of  this  matter  will  be  reserved  for  Sect.  19. 


12.  RELATIVE  FREQUENCIES  OF  DIFFERENT  TYPES  OF  CHARACTER 
CHANGE  CAUSED  BY  RADIATION-INDUCED  AND  SPONTANEOUS 

MUTATIONS 

Examination  of  the  types  of  effect  produced  by  gene  mutations  shows 
that  in  Drosophila  those  radiation  mutations  which  have  a  visible  morpho- 
logical expression  resemble  in  their  general  distribution  of  types  the  ones 
w^hich  have  arisen  spontaneously.  This  does  not  necessarily  mean  that 
the  relative  freciuencies  of  mutation  for  different  genes — still  less,  those 
of  different  kinds  of  mutation  (to  alleles  of  different  kinds)  for  the  same 
gene — are  identical  for  radiation  mutations  and  spontaneous  ones. 
Spontaneous  mutations  are  too  rare  to  have  allowed  a  reliable  frequency 
distribution  of  this  kind  to  have  been  made  for  them,  except  in  a  few 
special  cases.  However,  experience  has  indicated  that  any  type  of  gene 
mutation  which  has  been  found  to  arise  spontaneously  can  also,  when  an 
intensive  search  is  made,  be  found  after  the  application  of  ionizing  radia- 
tion, and  probably  also  after  ultraviolet  treatment,  and  that  the  converse 
proposition  holds  likewise.  Moreover,  the  kinds  of  morphological  effects 
do  occur  in  similar  relative  freciuencies.  There  are,  for  instance,  in  both 
the  radiation  and  the  spontaneous  series  in  Drosophila,  very  many  muta- 
tions, in  any  one  of  numerous  different  genes,  which  give  a  minute  bristle 
effect,  and  rather  many  that  give  roughened  eyes  or  wings  held  apart, 
while  on  the  other  hand  mutations  of  so-called  "achaete"  appearance, 
which  cause  an  absence  of  bristles  that  is  largely  restricted  to  the  middle 
of  the  back,  are  exceedingly  rare  in  both  series.  Again,  studies  by  the 
writer  and  more  especially  by  Timofeef-Ressovsky  (1937)  have  indicated 
that  the  ratio  of  mutations  so  detrimental  as  to  be  practically  certain  of 
killing  the  individual  before  its  maturity — those  designated  as  lethals — to 


NATURE    OF   THE    GENETIC    EFFECTS  395 

those  which  permit  considerable  survival  but  result  in  some  abnormality 
readily  visible  to  the  trained  observer — the  visibles — is  about  the  same, 
namely,  in  the  neighborhood  of  7  or  8  to  1,  both  for  spontaneous  muta- 
tions and  those  induced  by  ionizing  radiation. 

Although  (as  was  stated  on  p.  391)  the  different  mutations  of  any  single 
gene  fail  to  be  distril)uted,  as  regards  the  frequencies  of  those  giving 
different  amounts  of  effect,  in  anything  like  a  "normal  curve" — inasmuch 
as  those  of  more  extreme  effect  are  often  commoner  than  those  of  lesser 
effect — nevertheless  when  a  given  character  (e.g.,  eye  color),  instead  of  a 
single  gene,  is  examined,  and  mutations  in  all  the  numerous  genes  which 
affect  that  character  in  any  degree  are  taken  into  consideration,  it  is 
found  that  the  mutations  affecting  that  character  to  a  lesser  degree  are 
more  frequent  than  those  of  greater  degree  (Muller,  1923).  This  is  not 
surprising  in  view  of  the  complicated  net  of  biochemical  reactions  that 
underlie  both  the  processes  of  general  metabolism,  those  of  morphogeny, 
and  those  of  special  physiology,  since  it  is  to  be  expected  that  there  would 
be  fewer  genes  with  a  strong,  specialized  effect  on  the  development  of  any 
given  character  than  those  which  (ha-\'ing  been  specialized  primarily  in 
relation  to  other  characters,  which  are  likely  to  be  invisible)  influenced  the 
character  in  question  merely  incidentally  and  slightly.  There  is  indeed 
evidence  that  still  more  frequent  than  the  mutations  with  slight  yet 
appreciable  effect  are  those  the  effect  of  which,  on  any  visible  character,  is 
below  the  threshold  of  detection  by  ordinary  means  (Altenburg  and 
Muller,  1920).  This  general  principle  holds  both  for  spontaneous  and 
radiation  mutations. 

One  of  the  most  all-embracing,  generalized  "characters"  capable  of 
being  observed  and  measured  is  the  viability,  i.e.,  the  ability  to  survive 
until  some  given  point  in  the  life  cycle  has  been  reached;  in  Drosophila 
this  is  usually  taken,  for  convenience,  as  the  beginning  of  the  reproductive 
period.  The  measure  of  viability  of  a  mutant  then  is  the  frequency  with 
which  individuals  of  the  given  type  survive  to  maturity,  as  compared  with 
(divided  by)  that  with  which  nonmutant  individuals  do  so.  Those 
mutant  genes  which  allow  no  individuals  at  all  to  reach  this  stage  are  the 
ones  designated  as  (complete)  lethals;  those  which  have  between  0  and 
10  per  cent  of  the  normal  survival  rate  are  for  convenience  distinguished 
as  "semilethals"  or  (a  better  term  for  them)  sublethals;  while  those  with 
over  10  per  cent  but  less  than  100  per  cent  of  normal  viability  are  termed 
detrimentals.  The  great  majority  of  mutants  (whether  spontaneous  or 
radiation  induced)  which  cause  any  kind  of  externally  visible  morpho- 
logical abnormality  are  found  to  be  in  some  degree  detrimental,  and,  in  a 
general  but  very  imperfect  way,  there  is  a  tendency  for  a  greater  degree 
of  visible  abnormality  to  be  associated  with  a  greater  amount  of  detri- 
ment (lower  viability).  This  prevailingly  detrimental  nature  of  muta- 
tions, of  whatever  origin,  is  undoubtedly  a  consequence  of  the  fact  (also 
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mentioned  in  Sect.  1)  that  in  a  living  thing,  as  in  any  complicated  organ- 
ization the  parts  of  which  have  been  selected  so  as  to  interact  nicely  for 
the  accomplishment  of  a  given  difficult  end  result  (this  result  in  the  case 
of  all  living  things  being  survival  and  reproduction),  any  change  of  a 
part,  initiated  in  a  random  way  (i.e.,  without  foresight  or  selection  for 
that  end),  brings  about  in  the  vast  majority  of  cases  a  less  efficient  func- 
tioning of  the  system  (Muller,  1918,  1923). 

We  have  already  seen  (p.  395)  that  the  lethals  greatly  outnumber  the 
visibles.  It  had  long  been  suspected,  however,  that  there  are  many  more 
detrimentals  without  visible  effects  than  lethals,  in  line  with  the  idea 
that  for  viability,  as  for  other  characters,  "small"  mutations  (i.e.,  those 
with  small  effects)  are  more  numerous  than  "large"  ones.  Because  of 
the  difficulty  of  detecting  such  invisible  detrimentals,  their  frequency 
among  spontaneous  mutations  has  not  yet  been  investigated.  In  the 
case  of  radiation  mutations,  however,  the  matter  has  been  studied.  The 
results  obtained  in  two  independent,  simultaneous  series  of  investiga- 
tions, one  by  Timofeef-Ressovsky  (1935a)  and  the  other  by  Kerkis  work- 
ing under  the  direction  of  Muller  (Muller,  1934;  Kerkis,  1935,  1938),  agree 
in  showing  that  in  the  X  chromosome  of  Drosophila  invisible  detri- 
mentals are  induced  with  some  3  to  5  times  the  frequency  of  the  com- 
bined class  of  lethals  and  sublethals.  The  ratio  may  indeed  be' consider- 
ably higher  than  this,  since  the  technique  was  hardly  refined  enough  for 
the  detection  of  detiimentals  with  a  viability  greater  than  some  85  per 
cent  of  the  normal.  Other  studies  have  shown  that  "invisible"  mutants 
causing  sterility  or  lowered  fertility  of  some  degree  also  form  a  very  large 
group.  This  group,  however,  overlaps,  to  an  extent  not  yet  well  investi- 
gated, that  of  the  detrimental  mutations. 

It  is  evident  from  this  discussion  that  if  mutations  could  be  arranged  in 
order  of  the  conspicuousness  of  their  effects  on  the  organism,  so  as  to  form 
a  kind  of  spectrum,  there  would  be  a  comparatively  narrow  "visible"  part 
of  this  spectrum,  with  a  much  larger  region  to  "the  right"  of  it,  compris- 
ing the  lethals,  with  effects  so  drastic  as  to  remove  the  individuals  from 
our  view  before  maturity,  and  a  still  larger  region  to  "the  left,"  compris- 
ing the  genes  with  invisible  effects.  This  principle,  first  encountered  in 
the  case  of  spontaneous  gene  mutations  (Muller,  1923),  has  since  then 
been  shown,  through  the  much  more  detailed  studies  cited,  to  hold  also 
for  those  induced  by  ionizing  radiation. 

13.  EFFECTS  OF  CHANGING  THE  RELATIVE  QUANTITIES  (DOSAGE) 

OF  GENES 

All  the  classes  of  mutations  mentioned  in  the  preceding  section,  dis- 
tinguished according  to  their  kind  and  degree  of  expression,  i.e.,  according 
to  the  set  of  observable  characteristics  or  phenotype  of  the  individuals 
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containing  them,  are  in  a  sense  arbitrarily  defined  for  our  convenience  and 
depend  largely  upon  the  techniques  used  in  detecting  the  mutations. 
They  intergrade  and  overlap  each  other  widely.  Moreover,  there  is  no 
reason  for  assuming  that  these  classes  correspond  to  any  consistent 
differences  in  the  kinds  of  changes  that  took  place  in  the  genes  when  the 
mutations  occurred,  or  in  the  kinds  of  biochemical  influence  of  the  mutant 
genes  in  the  different  classes,  as  compared  with  those  of  their  normal 
alleles.  There  is,  however,  a  method  by  which  some  light  may  be  thrown 
on  the  latter  question.  This  is  by  comparing  the  effects  produced,  i.e., 
the  phenotype,  in  individuals  known  to  have  different  "doses"  (numbers 
of  representatives)  of  given  mutant  genes,  and  in  those  having  different 
doses  of  their  normal  alleles.  This  is  made  possible  by  the  fact  that  by 
irradiation,  taken  together  with  suitable  genetic  techniques,  structurally 
changed  chromosomes  or  sets  of  chromosomes  can  be  found  in  which  a 
small  chromosome  region  containing  the  given  gene  has  been  lost  by 
deletion,  or,  in  some  cases,  by  crossing  over  or  recombination  between 
chromosomes  of  slightly  different  structure.  Conversely,  individuals  can 
be  obtained  which  have,  in  addition  to  the  doses  of  the  gene  expected  in  a 
diploid,  one  or  more  extra  chromosome  sections,  of  small  size,  containing 
the  given  gene. 

Studies  of  this  kind  by  the  present  writer  (1932b,  1950a)  have  indi- 
cated that  in  the  majority  of  cases  when  the  dosage  of  a  mutant  gene  (no 
matter  whether  of  spontaneous  origin  or  induced  by  radiation)  is 
decreased  from  two  to  one,  in  the  absence  of  any  normal  allele  of  the  given 
gene,  the  abnormality  becomes  intensified;  while,  vice  versa,  when  the 
dosage  is  increased  from  two  to  three,  the  phenotype  becomes  more 
nearly  normal.  Inasmuch  as  a  higher  dosage  of  such  a  mutant  gene, 
causing  a  greater  concentration  of  its  biochemical  products  in  the  cell, 
results  in  an  effect  more  nearly  like  that  of  the  normal  gene,  it  must  be 
concluded  that  the  mutant  gene  has  a  biochemical  action,  the  effect  of 
which  is  similar  to  but  less  marked  than  that  of  the  normal  gene.  A 
mutant  gene  of  this  type  is  therefore  called  a  hypomorph.  This  result  was 
anticipated,  on  the  ground  that  the  normal  gene  represents  a  highly 
organized  system,  resulting  from  the  selective  survival  and  accumulation 
of  a  long  series  of  changes  that  were  conducive  to  producing  the  given 
advantageous  effect,  and  that  in  consequence  most  new  changes  occurring 
in  it  without  previous  selection  or  foresight  would  result  in  its  lesser 
effectiveness  in  the  carrying  out  of  its  specialized  functions  (Muller, 
1923).  This  situation  is  analogous  to  that  already  discussed  (p.  396), 
which  exists  on  the  level  of  the  system  of  genes  as  a  whole,  whereby  most 
changes  cause  a  lesser  ability  to  survive  and  reproduce. 

Although  the  hypomorphs  appear  to  constitute  the  majority,  not  all 
mutant  genes  are  in  this  category.  There  is  also  a  fairly  common  group 
called  amorphs,  in  which  there  is  no  longer  any  trace  of  the  normal  effect 
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in  question.  This  is  to  be  concluded  from  the  fact  that  a  change  in 
dosage  of  the  mutant  gene  in  such  a  case  does  not  influence  the  degree  of 
expression  of  the  given  character.  In  many  of  these  cases  hypomorphic 
alleles  of  the  gene  have  been  found  as  well,  which  show  a  similar  but  less 
marked  difference  from  the  normal  and  respond  to  dosage  increases  by 
causing  an  approach  to  the  normal  phenotype.  In  other  cases,  where 
hypomorphic  alleles  have  not  been  found,  the  fact  that  the  amorph 
stands  at  the  zero  level  on  the  scale  of  activity  of  the  type  responsible  for 
the  differences  studied  can  be  deduced  from  the  fact  that  reduction  in 
dose  of  the  normal  gene  is  manifested  by  a  character  change  similar  in 
kind,  but  usually  much  smaller  in  degree,  than  that  found  in  the  presence 
of  the  amorph. 

There  appears  to  be  a  much  rarer  type,  termed  an  antimorph,  which 
has  an  action  opposite  in  direction  to  that  of  the  normal  gene,  in  that  an 
increase  in  dosage  of  the  mutant  gene,  when  the  normal  gene  is  not  pres- 
ent, causes  a  greater  departure  from  the  normal  phenotype.  Some  cases 
previously  considered  as  antimorphs  probably  belong  in  other  categories, 
however,  since  at  first  it  was  not  realized  that  a  mutant  allele  could, 
without  being  an  antimorph,  actively  compete  with  the  normal  in  the 
determination  of  the  phenotype  in  individuals  having  both  genes  (see 
p.  404). 

There  is  no  doubt  that  changes  in  the  hypermorphic  direction  can  occur 
as  well,  although,  for  reasons  to  be  given  in  Sect.  14,  such  mutations  of 
normal  genes  would  usually  be  very  difficult  to  detect.  Certainly  differ- 
ences, ordinarily  subliminal  in  their  effect  on  the  phenotype,  have  been 
found  between  the  normal  alleles  of  different  populations,  of  such  a 
nature  as  to  show  that  one  of  these  alleles  was  hypermorphic  in  relation 
to  the  other.  From  the  standpoint  of  the  more  effective  gene  on  the 
other  hand  the  less  effective  one  (although  "normal"  for  its  population) 
would  be  hypomorphic.  Although  in  these  cases  one  could  not  know 
which  one  represented  more  nearly  the  ancestral  condition  the  answer  to 
this  question  in  any  given  case  is  relatively  unimportant  in  view  of  the 
evidence,  reviewed  in  the  following  paragraph,  that  mutations  (both 
spontaneous  and  radiation-induced)  can  take  place  in  each  of  two  opposite 
directions. 

Among  the  types  of  change  that  can  be  brought  about  by  gene  muta- 
tion are  transformations  of  a  mutant  gene,  usually  of  a  hypermorphic 
nature,  which  cause  it  to  give  a  phenotype  more  nearly  like,  or  even  in 
some  cases  sensibly  identical  with,  that  produced  by  the  normal  gene 
from  which  the  mutant  gene  had  been  derived.  It  is  in  line  with  the  con- 
ception, previously  presented,  of  the  greater  likelihood  of  a  mutation 
causing  a  degradation  rather  than  an  improvement  or  increase  in  gene 
functioning,  that  these  reverse  or  normad  mutations  arise,  in  the  case  of 
most  genes,   with  much  lower  frequency  than  the  so-called  direct  or 
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abnormad  mutations  (those  to  a  less  normal  phenotype).  Yet  the  fact 
that  they  can  occur  at  all  shows  that  not  all  mutations  are  of  the  nature 
of  losses.  Moreover,  the  finding  that  even  amorphs  can  give  reverse 
mutations  to  or  toward  normal  (sometimes,  however,  requiring  two  steps 
for  the  actual  attainment  of  normality)  shows  that,  despite  their  having 
lost  the  ability  of  producing  a  given  biochemical  reaction,  the  genes 
themselves  are  in  these  cases  still  there,  and  retain  much  of  their  original 
structure. 

Of  course  the  mere  fact  that  a  mutation  has  caused  a  change  in  a  given 
mutant  character  to  or  toward  normal  is  not  in  itself  evidence  that  a  true 
reverse  mutation  of  the  given  mutant  gene  has  occurred.  For  a  mutation 
in  a  second,  quite  different  gene  sometimes  has  a  so-called  "suppressor" 
effect,  that  is,  an  effect  antagonistic  to  that  of  the  mutant  gene  primarily 
under  consideration,  so  as  to  cause  the  phenotype  of  an  individual  having 
both  the  original  mutant  gene  and  also  the  second  or  suppressor  gene  to 
be  more  nearly  normal  than  that  of  an  individual  with  just  the  first 
mutant  gene.  Therefore  all  suspected  reverse  mutations  must  be  sub- 
jected to  genetic  analysis  before  they  can  be  known  definitely  to  be  true 
reverses.  Definite  reverse  gene  mutations,  proved  to  be  such  by  genetic 
analysis,  have  been  obtained  by  ionizing  radiation  for  a  considerable 
number  of  genes  of  Drosophila  (Muller,  1928d;  Patterson  and  Muller, 
1930;  Timofeeff-Ressovsky,  1929,  1931b,  1932, 1933a,  b).  They  have  also 
been  obtained  in  the  mold  Neurospora  (Giles,  1952)  by  application  of 
both  ionizing  radiation  and  ultraviolet,  and  nutritional  deficiencies  have 
thereby  been  restored.  It  is  still  a  question,  however,  whether  those 
produced  by  ionizing  radiation  in  Neurospora  involve  actual  gene  muta- 
tions or  structural  changes;  it  seems  not  unlikely  that  some  of  them  may 
involve  one  of  these  phenomena  and  some  the  other.  Moreover,  it 
cannot  justifiably  be  assumed  that  even  a  "true"  reverse  gene  mutation 
necessarily  restores  the  precise  chemical  configuration  of  the  original 
normal  gene. 

Probably  the  most  interesting  class  disclosed  by  the  dosage  studies  is 
that  of  neomorphs,  already  mentioned  in  Sect.  9.  This  class,  like  the 
others,  is  found  among  both  spontaneous  and  radiation  mutations.  An 
increase  in  dosage  of  the  mutant  gene  in  this  case  increases  the  departure 
of  the  phenotype  from  normal.  Yet  such  a  mutant  gene  does  not  cause 
a  reaction  opposite  or  antagonistic  to  that  of  the  normal  allele,  or  one 
that  competes  with  the  latter,  since  in  these  cases  a  change  in  the  dosage 
of  the  normal  gene  itself  exerts  no  influence  on  the  given  effect.  Thus  the 
neomorph  is  the  cause  of  some  reaction  of  a  different  nature  from  that 
mediated  by  the  normal  gene,  a  reaction  which  in  this  sense  is  "new"  to 
the  organism.  So  far,  all  the  neomorphs  studied  appear  to  have  been 
cases  in  which  the  functioning  of  the  normal  gene  had  been  altered  by 
the  position  effect  of  a  structural  chromosome  change,  rather  than  by  a 
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gene  mutation  proper.  However,  it  seems  reasonable  to  infer  that  prac- 
tically any  types  of  alterations  in  gene  functioning  that  can  be  brought 
about  by  a  position  effect  could  also,  on  occasion,  be  accomplished  by 
some  kind  of  change  within  the  gene  itself.  In  fact,  if  neomorphs  had 
not  been  able  to  arise  by  gene  mutation,  genes  could  hardly  have  become 
differentiated  from  one  another  by  mutation,  in  the  long  course  of  evolu- 
tion, in  such  wise  as  to  give  rise  to  ever  more  complicated  organisms, 
incorporating  new  types  of  biochemical  reactions. 

It  must  not  be  supposed  that  the  above  classes  are  absolute.  Some 
mutant  genes  have  a  complicated  series  of  effects,  some  of  which  belong 
more  nearly  in  one  category  and  others  in  another.  Moreover,  although 
a  given  gene  may  undergo  different  mutations,  the  effects  of  which 
appear  to  differ  only  in  degree,  in  not  a  few  cases  (both  of  spontaneous 
and  radiation  origin)  the  effects  of  the  different  mutations  are  qualitatively 
unlike.  Usually  a  gene,  by  its  mutations,  can  cause  a  change  in  more 
than  one  character,  and  in  some  of  these  cases  not  all  the  effects  run 
parallel,  as  one  allele  may  show  character  a  more  affected  than  b  while 
another  allele  shows  b  more  affected  than  a.  These  and  related  facts 
give  evidence  of  the  complexity  of  the  individual  gene  and  of  the  multi- 
plicity of  the  types  of  change  that  it  can  undergo. 

Although  differences  in  the  dosage  of  hypomorphic  mutant  genes  for 
visible  characters  usually  occasion  marked  differences  in  the  phenotype 
(the  higher  doses  being  more  nearly  normal  in  expression) ,  changes  in  the 
dosage  of  the  corresponding  normal  genes  usually  have  extremely  little  or, 
most  often,  no  effect  at  all  that  is  detectable  by  ordinary  inspection. 
This  is  connected  with  the  fact  that  the  phenotypes  of  hypomorphic 
mutants  also  show  a  tendency  to  be  readily  influenced  by  differences  in 
the  environmental  conditions  existing  during  development  and  by  differ- 
ences (caused  by  mutation)  in  numerous  other  genes,  which  do  not  per- 
ceptibly affect  the  given  character  when  the  normal  allele  of  the  hypo- 
morph  is  present.  In  other  words,  the  effect  of  the  more  weakly  acting 
gene,  the  hypomorph,  is  more  variable  than  that  of  the  normal  gene. 

These  results  are  understandable,  as  pointed  out  independently  by 
Plunkett  (1932)  and  by  the  present  writer  (1932b,  1935b,  1950a),  when 
it  is  realized  that  these  dosage  studies  show  that  increase  in  gene  dosage, 
i.e.,  in  gene  concentration,  or  in  its  equivalent,  gene  activity,  is  usually 
accompanied  in  its  early  stages  by  an  approximately  proportionate 
increase  in  the  phenotypic  effect,  but  that  as  larger  and  larger  doses  or 
greater  gene  activities  come  into  play  the  effect  increases  ever  more 
slowly.  That  is,  the  curve  relating  the  effect  (as  ordinate)  to  the  gene 
dosage  or  activity  (as  abscissa)  (see  Fig.  7-6)  rises  at  first  in  a  straight 
line  from  the  base  line  at  the  origin,  but  as  it  proceeds  to  the  right  its 
slope  gradvially  decreases,  tending  toward  the  horizontal  as  a  kind  of 
saturation  level  of  effect  is  approached.     This  falling  off  in  efficiency  is  a 
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result  to  be  expected  when  the  amount  of  any  reagent  is  increased  which 
has  a  hmited  amount  of  material  to  work  in  and  to  exert  its  effect  upon. 
Moreover,  since  any  of  the  numerous  environmental  conditions  or  genetic 
agencies  ("modifying  genes")  which  can  influence  the  activity  or  effec- 
tiveness of  the  given  gene,  or  gene-product,  in  producing  its  end  result  or 
phenotype  will  have  an  effect  like  that  of  changing  the  dosage  or  activity 
of  the  gene,  it  follows  that  such  agencies,  when  acting  on  developing 
individuals  that  have  a  low  activity  of  the  given  gene,  corresponding  to 
the  left-hand,  rapidly  ascending  region  of  the  curve,  will  by  sliding  the 
effectiveness  backward  or  forward  also  slide  the  character  up  or  down 
correspondingly.  Thereby  its  high  variability  at  such  levels  is  accounted 
for.  Conversely,  in  the  right-hand,  more  nearly  level,  region  of  the 
curve,  the  same  influences,  even  though  acting  as  strongly  as  before  on 
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the  biochemical  processes  concerned,  will  succeed  in  causing  little  or  no 
perceptible  vertical  deviation,  representing  alterations  of  the  phenotype. 

Undoubtedly  the  normal  genes  were  established  through  a  long  process 
of  natural  selection  of  appropriate  hypermorphs,  in  consequence  of  the 
very  fact  that,  because  of  the  mechanism  just  discussed,  such  intense 
activity  gave  the  development  of  any  given  character  that  greater 
stability  which  was  advantageous  to  the  organism  and  the  species.  That 
the  character,  as  normally  developed,  is  at  an  optimum  level  in  terms  of 
advantage  for  the  organism,  is  readily  demonstrated  by  tests  showing  the 
lower  ability  of  the  mutant  types  to  perform  the  functions  in  question. 
The  same  conclusion  is  also  supported  by  other  cogent  evidence,  derived 
from  a  phenomenon  called  "dosage  compensation"  (Muller,  1932b, 
1950a),  which  is,  however,  too  intricate  to  be  explained  here.  In  view 
of  the  character  being  at  its  optimum  level,  it  is  also  advantageous  to 
have  its  development  proceed  as  reliably  as  possible  for  attaining  pre- 
cisely this  most  advantageous  degree  of  expression  in  all  individuals. 
This  situation,  then,  inevitably  led  to  the  selection  of  genes  of  sufficient 
activity  to  operate  in  the  near-saturation  region  of  the  gene  activity- 
character  curve,  for  thereby  the  required  stability  would  be  attained  as 
nearly  as  possible. 

The  actual  phenotypic  level  at  which  the  curve  in  question  stands  when 
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at  this  near-saturation  level  is  another  matter,  for  it  would  have  been 
subject  to  regulation  by  mutations  in  accessory  genes  as  well  as  in  the 
"primary"  gene.  In  this  way  the  level  could  l)e  prevented  from  being 
set  at  an  unduly  high  mark,  despite  the  fact  that  the  primary  gene  was 
at  near-saturation  activity.  The  details  of  the  phenomenon  of  "dosage 
compensation,"  alluded  to  above,  have  made  it  clear  that  this  adjustment 
of  the  near-saturation  level  of  the  developmental  reaction  was  as  impor- 
tant as  its  attainment  of  stability. 

14.  DOMINANCE 

An  important  consequence  of  the  high  activity  attained  by  the  normal 
gene,  and  of  the  strong  similarity  resulting  therefrom  between  individuals 
with  different  doses  of  the  normal  gene,  is  the  fact  that  individuals  having 
a  normal  gene  from  one  of  their  parents  and  a  hypomorphic  or  amorphic 
mutant  allele  from  their  other  parent  closely  resemble,  or  are  sensibly 
identical  with,  those  having  a  normal  gene  from  both  parents.  That  is, 
the  normal  gene  tends  to  be  dominant,  the  mutant  gene  recessive.  This  is 
to  be  expected  if  the  effects  of  the  two  different  alleles  in  an  individual 
having  one  normal  and  one  hypomorphic  or  amorphic  mutant  gene  tend 
to  be  cumulative,  hke  those  of  added  doses.  For  in  such  an  individual 
the  character  in  question  would  be  developed  at  least  as  strongly  as  in  an 
individual  with  but  one  dose  of  the  normal  gene  and  with  a  deficiency  in 
the  homologous  chromosome,  and,  as  we  have  seen  above,  this  level  of 
the  character  is  practically  as  high  as  in  the  individual  with  two  doses  of 
the  normal  gene.  Some  mutant  genes,  to  be  sure,  exercise  a  somewhat 
competitive  action  (see  p.  404)  and  thus  cause  the  effect,  in  an  individual 
having  one  such  gene  and  one  normal  gene,  to  be  less  than  that  to  be 
expected  from  a  simple  addition  of  the  two  respective  doses,  but  this 
reduction  is  seldom  enough  to  cause  a  perceptible  deviation  from  the 
normal  phenotype. 

A  few  more  definitions  are  in  order  before  proceeding  further.  An 
individual  that  has  received  from  its  parents  two  genes  of  identical  type, 
lying  in  a  given  position  or  locus  in  a  given  pair  of  homologous  chromo- 
somes, is  said  to  be  homozygous,  or  a  homozygote,  with  respect  to  the  genes 
at  that  locus,  while  an  individual  which  has  received  two  different  alleles 
of  that  gene  is  termed  heterozygous,  or  a  heterozygote,  for  that  locus. 
Dominance,  in  the  sense  in  which  the  word  is  sometimes  used,  implies 
only  that  the  phenotype  of  the  heterozygote  does  not,  in  the  case  of  a 
given  pair  of  alleles,  stand  midway  between  those  of  the  two  contrasted 
homozygotes.  In  other  words,  some  degree  of  dominance  may  be  said  to 
exist  whenever  the  heterozygote  resembles  one  of  the  two  homozygous 
types  distinctly  more  than  it  does  the  other  one,  and  the  gene  for  the 
first  type  is  then  termed  the  dominant  one. 
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In  practice,  the  dominance  of  one  allele  over  the  other  appears  in  most 
cases  to  be  virtually  complete,  if  a  superficial  inspection  only  is  made.  In 
such  cases  the  heterozygote  cannot  be  distinguished  from  the  dominant 
homozygote  by  ordinary  means.  Moreover,  whether  or  not  the  domi- 
nance is  as  strong  as  this,  the  normal  allele  is,  with  but  rare  exceptions, 
the  dominant  one  in  the  above  sense  of  the  term.  For  although  the 
mutant  is  sometimes  loosely  termed  dominant  in  any  case  in  which  the 
heterozygote  is  readily  distinguishable  from  the  homozygous  normal, 
nevertheless  it  is  usually  found  even  in  such  a  case  that  the  heterozygote 
is  still  more  different  from  the  homozygous  mutant.  At  least  this  is  true 
for  hypomorphic  and  amorphic  mutants. 

Despite  the  apparently  complete  dominance  of  the  normal  gene  in  the 
great  majority  of  cases,  a  more  searching  investigation,  e.g.,  by  measure- 
ment of  numerous  individuals  and  statistical  analysis  of  the  data,  or  by 
the  use  of  biochemical  techniques  or  studies  on  rates  of  survival,  usually 
shows  that  the  heterozygote  is  after  all  not  quite  the  same  phenotypically 
as  the  homozygous  normal  type.  For  example,  studies  on  lethal  and 
sublethal  mutations  in  Drosophila  (Stern  et  al,  1948,  1951,  1952;  Muller, 
1950b,  c)  indicate  a  dominance  of  the  normal  gene  of  something  in  the 
neighborhood  of  96  per  cent,  leaving  about  4  per  cent  of  expression  to  the 
mutant  in  the  heterozygote,  on  the  average;  i.e.,  the  viability  of  such 
heterozygotes  is  only  about  96  per  cent  as  great  as  that  of  homozygous 
normals.  This  is  also  expressed  by  saying  (with  a  slight  alteration  in  the 
use  of  the  term  dominance  from  that  of  our  former  definition)  that  the 
mutant  in  such  cases  has  "4  per  cent  of  dominance."  This  amount  is  so 
small  that  it  has  often  been  assumed  that,  for  practical  purposes,  the 
mutant  may  be  regarded  as  completely  recessive.  However,  as  will  be 
seen  in  Sect.  20,  even  this  small  amount  of  dominance  turns  out  to  be  very 
significant  in  deciding  the  way  in  w^hich  such  mutant  genes  affect  the 
population  in  which  they  occur.  It  must  be  understood,  further,  that 
the  amount  of  dominance  varies  greatly  from  one  type  of  gene  to  another, 
and  that,  for  a  given  pair  of  alleles,  it  can  in  some  cases  be  influenced  to  a 
considerable  extent  by  differences  in  genes  in  other  loci  than  their  own, 
which  modify  the  result. 

As  a  result  of  the  near-saturation  potency  of  even  one  dose  of  most 
normal  genes,  hypermorphic  mutations  of  normal  genes  would  seldom 
produce  an  effect  recognizably  different  from  the  normal.  This  fact,  as 
well  as  the  lesser  probability  of  a  change  to  greater  than  of  one  to  lesser 
effectiveness  (see  p.  398)  explains  w^hy  such  mutations  of  normal  genes 
have  so  seldom  been  found.  It  also  explains  why  genes  are  sometimes 
found  which  when  homozygous  give  a  normal  phenotype,  yet  when 
crossed  to  a  mutant  hypomorph  or  amorph  produce  a  heterozygote  mani- 
festing the  mutant  character  to  a  distinctly  greater  degree  than  the  usual 
normal  does.     These  so-called  isoalleles  are  hypomorphic  enovigh,  in  com- 
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parison  with  the  usual  normal,  so  that  in  the  heterozygote,  or  in  single 
dose,  the  phenotypic  level  is  distinctly  below  the  saturation  level,  yet  in 
the  homozygote,  i.e.,  in  double  dose,  it  appears  to  attain  that  level.  In 
the  case  of  certain  genes  (e.g.,  the  normal  allele  of  garnet  eye  in  Drosoph- 
ila)  these  cryptic  mutants  arise  relatively  frequently. 

On  the  interpretation  of  dominance  above  given,  it  is  to  be  expected 
that  when  two  hypomorphic  alleles  of  qualitatively  the  same  type,  lying 
at  different  points  in  the  rapidly  ascending  portion  of  the  phenotype- 
dosage  curve,  are  crossed  to  each  other  or  to  an  amorphic  allele  of  the 
same  gene,  no  marked  dominance  of  one  over  the  other  would  usually  be 
shown.  That  is,  the  heterozygote  or  corn-pound  (as  an  individual  hetero- 
zygous for  two  different  mutant  alleles  of  the  same  gene  is  called)  would 
usually  have  a  phenotype  approximately  intermediate  between  those  of 
the  two  homozygous  mutants.  This  has  long  been  known  to  be  the  case, 
and  is  caused  by  the  fact  that  both  mutant  genes  in  such  a  case  are  far 
from  saturation  potency,  acting  in  the  nearly  straight-line  portion  of  the 
curve  relating  gene  dose  or  activity  to  amount  of  effect.  Thus  the  addi- 
tion of  the  two  actions  results  in  an  intermediate  amount  of  effect. 

In  some  compounds,  however,  it  has  been  found  that  the  amount  of 
effect  cannot  be  explained  as  due  simply  to  an  addition  of  the  actions  of 
the  two  genes,  working  independently.  As  Stern  and  his  co-workers 
(Stern,  1943;  Stern  and  Heidenthal,  1944)  have  shown,  the  results  in 
some  compounds  show  an  active  interference  or  competition  between  the 
two  alleles,  indicating  that  there  is  in  these  cases  a  limited  amount  of  sub- 
strate available,  and  that  the  higher  ability  of  a  given  allele  (or  its 
products)  to  preempt  this  substrate,  thus  removing  the  latter  from  the 
possibility  of  being  acted  on  by  the  other  allele,  is  not  always  associated 
with  a  greater  ability  of  the  former  allele  to  convert  the  substrate  in  a 
manner  suitable  for  the  production  of  the  phenotypic  effect  that  is  under 
observation.  Hence  a  more  hypomorphic  mutant  allele  sometimes  has 
greater  dominance  than  a  less  hypomorphic  one.  This  has  been  found 
more  especially  in  cases  of  changes  in  gene  functioning  caused  by  a  posi- 
tion effect  {positional  alleles).  Such  results  therefore  occur  oftener  when 
mutants  produced  by  ionizing  radiation  are  used,  since  more  of  these  than 
of  spontaneous  mutants  result  from  structural  changes  rather  than  gene 
mutations.  It  is  probable,  however,  that  some  gene  mutations  also  have 
this  kind  of  behavior.  Effects  of  this  kind  could  usually  be  detected 
readily  only  in  compounds  between  two  mutant  alleles,  since  in  hetero- 
zygotes  having  one  normal  allele  the  potency  of  the  latter  would  usually 
be  so  high  as  to  mask  the  effect  of  competition  by  the  mutant  allele. 
Some  of  these  cases  of  interfering  action  appear  to  have  a  complicated 
basis,  so  that  a  series  of  compounds  formed  by  a  group  of  multiple 
alleles  taken  two  at  a  time  seems  to  show  no  consistent  seriation  of 
effects. 
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If  the  theory  of  dominance  which  has  been  presented  is  correct,  neo- 
morphic  mutant  genes,  since  they  have  not  had  an  opportunity  to  be 
exposed  to  a  prolonged  natural  selection  for  high  potency,  or  for  modify- 
ing genes  in  other  loci  that  would  tend  to  stabilize  their  effects,  would  usu- 
ally find  themselves  in  the  near-linear  region  of  the  gene  activity-effect 
curve.  Hence  marked  phenotypic  differences  would  usually  result  (1) 
when  the  dosage  was  changed,  (2)  when  there  were  relatively  slight 
changes  in  environmental  conditions  and/or  (3)  in  genes  of  any  one  of 
numerous  other  loci  than  their  own  ("modifying  genes").  Although  the 
normal  allele,  not  having  an  effect  of  the  same  kind,  would  not  be  domi- 
nant over  them,  neither  would  they  show  dominance  over  the  normal 
but  only  the  same  sliding-scale  result  as  when,  in  the  absence  of  a  normal 
allele,  their  dosage  was  changed.  All  this  has  been  found  to  be  the  case. 
Thus  the  heterozygous  neomorph  is  usually  approximately  intermediate 
in  phenotype  between  the  mutant  and  the  normal  homozygote,  respec- 
tively. These  findings  then  serve  to  confirm  the  general  interpretation 
given  in  the  foregoing  discussion. 

In  Drosophila,  where  the  matter  has  been  most  studied,  the  gene  muta- 
tions produced  by  radiation  have  not  so  far  appeared  to  show  a  different 
trend  from  the  spontaneous  ones  in  regard  to  any  of  these  dosage  or 
dominance  effects.  Moreover,  the  gene  mutations  originating  from 
irradiation  or  spontaneously,  when  classified  according  to  their  types  of 
dosage  effects,  have  not  shown  obvious  differences  in  their  frequency 
distributions.  Nevertheless  it  is  necessary  for  those  dealing  with  radia- 
tion mutations  to  be  aware  of  these  relations  in  order  to  know  the  way 
in  which  mutations  induced  in  one  generation  become  expressed  in  sub- 
sequent generations,  and  in  order  thereby  to  deduce  (as  shown  in  Sect. 
20)  the  manner  and  speed  with  w^hich  they  become  either  multipUed  or 
eliminated  from  the  population. 

15.  RADIATION     AND     SPONTANEOUS     GENE-MUTATION     FREQUENCIES 

IN  DROSOPHILA 

The  determination  of  whether  and  to  what  extent  radiation  or  any 
other  agent  or  condition  affects  the  incidence  of  mutations  has  depended 
upon  the  development  of  objective  genetic  techniques  for  the  large-scale 
detection  and  counting  of  representative  mutations  and  for  distinguishing 
between  newly  arisen  mutant  genes  or  chromosomes  and  those  pre- 
viously present  in  a  hidden  heterozygous  state  in  the  stocks  used.  In 
Drosophila  sex-Hnked  lethal  mutations,  i.e.,  those  in  the  sex-determining 
or  X  chromosome,  were  early  found,  in  work  of  the  present  writer  and 
Altenburg,  to  be  especially  suitable  material  for  such  a  study  (Muller 
and  Altenburg,  1919, 1921 ;  Muller,  1928c) .  The  chief  advantages  of  using 
them  were  that  (1)  the  detection  of  sex-linked  lethals  already  present  in 
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a  stock  can  readily  be  made,  (2)  the  finding  of  lethals  is  subject  to  little 
subjective  error,  and  (3)  the  frequency  of  origination  of  new  lethals, 
even  without  special  treatments,  is  high  enough  to  be  dealt  with  statis- 
tically. Moreover,  evidence  was  found  for  regarding  most  of  them  as 
being  no  different  in  their  manner  of  origin  or  type  of  genetic  change  from 
mutant  genes  in  general,  including  those  having  a  visible  expression. 

Since  a  male  carries  but  one  X  chromosome,  a  sex-linked  lethal  in  this 
chromosome  results  in  his  death  prior  to  maturity,  whereas  in  a  female 
such  a  lethal  in  one  of  her  two  X  chromosomes  very  seldom  results  in 
her  death  because  it  is  strongly  dominated  over  by  the  normal  allele 
present  in  her  other  X  chromosome.  When  she  reproduces,  half  her 
sons  will  by  Mendelian  segregation  receive  from  her  an  X  chromosome 
with  the  lethal  allele  and  they  will  therefore  be  killed,  while  the  other  half 
of  the  sons,  receiving  an  X  chromosome  with  the  normal  allele,  will  tend 
to  live.  All  her  daughters,  however,  will  tend  to  survive,  since  even 
those  getting  the  lethal  will,  like  their  mother,  have  in  addition  a  dom- 
inant normal  allele  in  the  X  chromosome  derived  from  their  father. 
Thus  the  existence  of  the  lethal  in  one  X  chromosome  of  the  mother  can 
usually  be  recognized  from  the  fact  that  she  has  approximately  half  as 
many  sons  as  daughters.  In  Drosophila  the  criterion  of  a  lethal  is 
ordinarily  made  more  definite  than  this  by  having  that  X  chromosome 
of  the  mother  which  contains  the  lethal  differ  from  her  other  X  chromo- 
some in  regard  to  some  gene  or  genes,  termed  markers,  which  have  a  con- 
spicuous visible  effect,  and  also  by  having  crossing  over  between  her  two 
X  chromosomes  rendered  ineffectual  by  the  presence  of  an  inversion  in 
one  of  them.  When  such  a  female  carrying  a  lethal  is  bred,  all  her  sons 
inheriting  the  normal  allele  of  the  lethal,  i.e.,  all  her  sons  that  survive, 
will  exhibit  the  given  marker  characters  that  were  in  the  X  chromosome 
not  having  the  lethal,  whereas,  if  the  female  had  carried  no  lethal, 
approximately  half  her  sons  would  have  these  marker  characters  and  the 
rest  would  have  their  alleles,  giving  the  contrasting  visible  characters. 

Essentially  similar  but  more  compUcated  techniques  are  employed  for 
detecting  lethals  in  chromosomes  other  than  the  sex  chromosomes  (the 
autosomes),  but  it  is  then  necessary  to  find  out  whether  or  not  indi- 
viduals homozygous  for  the  chromosome  under  investigation  are  able  to 
survive.  For  this  purpose  a  special  scheme  of  inbreeding  must  be  used, 
and  the  existence  of  the  lethal,  evidenced  by  the  absence  of  a  whole 
group  of  individuals  of  a  given  expected  (marker)  phenotype,  can  be 
ascertained  only  in  the  third  generation  of  descendants.  Moreover,  the 
same  kind  of  methods  may,  though  with  much  more  effort,  be  used  for 
detecting  genes  which,  instead  of  being  fully  lethal,  are  only  detrimental. 
For,  although  individuals  with  the  markers  representing  the  chromosome 
in  question  are  not  completely  absent  in  such  cases,  they  may  be  sig- 
nificantly reduced  in  numbers,  relatively  to  those  of  other  types.     Like- 
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wise,  genetic  schemes  of  this  kind  can  be  used  for  detecting  steriles  (muta- 
tions causing  sterihty)  and  visibles.  / 

By  the  use  of  these  methods  it  has  been  ascertained  that  in  most  cul- 
tures of  Drosophila  approximately  one  X  chromosome  in  600,  on  the 
average,  contains  a  lethal  gene  that  has  arisen  by  "spontaneous"  muta- 
tion during  the  immediately  preceding  generation.  In  contrast  to  this, 
if  the  heavy  dose  of  5000  r  of  ionizing  radiation  had  been  applied  to  the 
father's  mature  spermatozoa,  approximately  14  per  cent  of  the  X  chromo- 
somes in  them  (a  frequency  85  times  as  high  as  the  preceding  one)  would 
have  come  to  contain  an  induced  lethal.  According  to  the  same  data, 
if  the  frequency  of  induced  lethals  is  proportional  to  dose  (as  will  be 
shown  to  be  the  case  in  Chap.  8),  it  must  take  approximately  60  r,  if 
appHed  to  mature  spermatozoa,  to  induce  lethals  at  a  frequency  equal  to 
that  with  which  they  usually  arise  spontaneously  in  the  course  of  one 
generation,  but  the  induced  frequency  would  be  added  to  the  spontaneous 
one,  thus  doubhng  the  rate  of  origination  of  the  lethals. 

These  methods  have  also  shown  that  not  fully  lethal  but  detrimental 
mutations  having  an  effect  marked  enough  to  be  detected  by  the  methods 
used  have  a  frequency  of  origination  some  three  or  four  times  that  of  the 
lethals,  and  that  mutations  in  the  autosomes  arise  (considered  collec- 
tively) some  four  or  five  times  as  often  as  in  the  X  chromosome.  If  these 
two'  facts  are  taken  into  account  at  once,  the  conclusion  is  reached  that  if 
all  the  mutations  thus  detectable  are  considered  (visibles  being  here 
neglected  as  of  insignificant  relative  numbers),  their  frequency  is  some 
20  to  30  times  that  of  sex-linked  lethals.  Hence  their  usual  spontaneous 
frequency  of  origination  per  generation  is  in  the  neighborhood  of  one 
among  twenty  germ  cells,  and  their  frequency  of  induction  by  5000  r 
applied  to  spermatozoa  averages  approximately  four  within  each  germ 
cell.  By  appropriate  appHcation  of  ultraviolet  it  is  also  possible  to 
induce  mutations  at  a  frequency  about  as  high  as  this. 

These  over-all  frequencies  of  mutation  can  be  translated  into  average 
frequencies  per  individual  gene  by  dividing  them  by  the  total  number  of 
genes  that  participate  in  giving  such  mutations.  However,  the  estimates 
of  gene  number  thus  far  made  may  be  inaccurate  by  a  factor  of  about  2. 
Various  methods  indicate  that  in  Drosophila  there  are  some  5000  to 
10,000  genes  in  a  single  (i.e.,  haploid)  set  of  chromosomes.  This  would 
(assuming  the  great  majority  of  genes  to  be  capable  of  giving  mutations 
of  the  already  mentioned  types)  make  the  frequency  of  spontaneous 
mutation  per  individual  gene  per  generation  1  in  20  X  5,000  or  10,000, 
that  is,  between  1  in  100,000  and  1  in  200,000;  and  that  of  mutation 
induced  by  application  of  5000  r  to  spermatozoa  4  X  1  in  5000  or  10,000, 
that  is,  between  1  in  1250  and  1  in  2500. 

A  more  direct  method,  called  the  specific  locus  method,  of  ascertaining 
the  frequency  of  mutation  per  individual  gene,  is  to  take  individuals 
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that  are  already  supplied  with  "visible"  alleles  of  certain  chosen  genes 
and  cross  them  with  individuals  having  the  dominant  alleles  of  the  same 
genes,  and  then  note  how  often  offspring  appear  which  show  one  of  the 
given  recessive  characters.  Such  offspring  ordinarily  represent  muta- 
tions of  the  dominant  gene  to  one  of  its  recessive  alleles.  These  studies, 
although  not  yet  carried  out  on  an  adequate  scale  for  spontaneous  muta- 
tions in  Drosophila,  nevertheless  agree,  as  far  as  they  go,  with  the  esti- 
mate, arrived  at  by  the  above  over-all  method,  of  one  spontaneous  muta- 
tion per  gene  per  generation  being  found  among  100,000  to  200,000  germ 
cells.  This  is  an  average  rate,  since  there  are  indications  that  the  (detect- 
able) rate  is  not  the  same  for  different  loci.  In  contrast  with  this,  the 
results  obtained  by  the  specific-locus  method  when  radiation  is  applied 
are  thus  far  discrepant  by  a  factor  of  some  2  times  with  those  of  the  over-all 
method.  They  have  indicated  that,  on  application  of  some  5000  r  to 
spermatozoa,  about  one  gene  mutation  is  on  the  average  (again  with 
differences  from  locus  to  locus)  induced  per  locus  among  some  3000  germ 
cells,  rather  than  among  the  1  in  1250  to  2500  indicated  by  the  other 
method. 

There  are  various  possible  reasons  for  this  discordance.  Among  these 
are  the  considerable  uncertainty  regarding  the  number  of  genes,  possible 
differences  in  induced  mutation  frequencies  between  the  different  stocks 
used,  undoubted  differences  in  mutation  frequencies  between  different 
loci,  and  major  technical  difficulties  in  the  detection  both  of  detrimental 
and  of  visible  mutations,  as  well  as  in  the  large-scale  maintenance  of 
stocks  of  them.  Probably  as  important  a  difficulty  as  any  of  these  arises 
from  the  fact  that  heavy  irradiation  of  spermatozoa  produces  many 
minute  deletions  and  other  structural  chromosomal  changes.  Many  of 
these,  in  the  case  of  lethals  especially,  are  confused  with  the  gene  muta- 
tions. In  the  work  with  visible  mutations  at  specific  loci,  on  the  other 
hand,  far  more  of  these  cases  were  sifted  out,  both  by  breeding  tests 
and  cytological  observations,  and  thus  excluded  from  the  count  of  muta- 
tions. This  source  of  error  is  a  much  smaller  one  in  the  Drosophila 
studies  on  mutations  produced  by  X  or  7  irradiation  of  ordinary  inter- 
phase stages  and  in  the  studies  on  either  ultraviolet  or  spontaneous 
mutations.  In  all  these  studies  the  great  majority  of  the  phenotypically 
recognizable  types  of  genetic  changes,  including  the  lethals,  fulfill  present 
criteria  for  gene  mutations.  In  such  studies,  however,  the  specific-locus 
technique  has  as  yet  been  little  used,  because  of  the  large-scale  operations 
required  for  these  applications  of  it. 

A  source  of  error  of  a  different  kind,  which  is  present  when  the  fre- 
quency of  lethals  arising  in  the  X  chromosome  of  ordinary  interphase 
nuclei  in  premature  (gonial  or  primordial)  germ  cells  of  the  male  are  being 
studied,  is  that  called  germinal  selection.  This  term  refers  to  the  fact  that 
some  of  the  lethals,  especially  those  involving  deficiencies,  kill  or  retard 
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the  proliferation  of  the  very  cells  in  which  they  occurred,  through  their 
effects  on  cell  metabolism.  Since  the  cells  of  the  male  contain  but  one 
X  chromosome  there  is  no  normal  allele  present  to  dominate  over  these 
lethals.  For  this  reason  the  mature  spermatozoa  that  are  finally  pro- 
duced, and  that  give  rise  to  the  offspring  tested  for  mutations,  sometimes 
come  to  contain  only  a  third  as  high  a  frequency  of  mutant  genes  as  has 
originally  been  produced.  The  amount  of  this  germinal  selection  has 
been  gauged  by  Kossikov  (1936,  1937)  and  by  Serebrovskaya  and 
Shapiro  (1935)  by  comparing  the  frequency  of  these  mutations  with  the 
frequencies  obtained  in  the  autosomes  of  males  or  in  either  the  X  chromo- 
somes or  autosomes  of  females  when  the  same  early  stages  in  germ 
cell  history  are  irradiated.  For  the  presence  in  these  cases  of  a 
homologous  chromosome,  bearing  the  dominant  normal  allele,  renders 
effects  of  the  lethals  on  the  metabolism  of  the  cells  containing  them 
negligible. 

Even  when  the  error  caused  by  germinal  selection  is  avoided,  by  the 
use  of  one  of  the  methods  just  referred  to,  it  is  found  that  lethals  are 
induced  by  ionizing  radiation  in  the  gonial  germ  cells  of  Drosophila  (repre- 
senting for  the  most  part  ordinary  interphase  nuclei)  with  a  distinctly 
lower  frequency  than  in  spermatozoa.  A  similar,  although  probably 
smaller,  difference  is  found  for  specific  visible  gene  mutations.  In  the 
case  of  the  lethals,  it  is  still  unsafe  to  estimate  what  portion  of  the  excess 
of  the  mutations  in  spermatozoa,  as  compared  with  earlier  germ  cells,  is 
to  be  ascribed  to  the  higher  rate  of  production  of  deletions  and  other 
structural  changes  in  them  than  in  ordinary  interphase  nuclei.  But,  for 
the  specific  visible  mutations,  laborious  analyses  of  the  individual  muta- 
tions have  been  carried  out,  in  order  to  screen  out  the  structural  changes 
as  far  as  possible.  The  preliminary  results  of  this  work  (Muller,  R.  M. 
Valencia,  and  J.  I.  Valencia,  1950  and  unpubUshed),  which  requires  larger 
scale  prosecution,  indicate  that  the  residual  class  designated  as  gene 
mutations  is  produced  in  ordinary  interphase  nuclei  of  germ  cells  (gonia) 
with  only  about  a  half  of  their  ordinary  frequency  in  spermatozoa. 
05cytes,  at  least,  in  their  middle  and  later  growth  stages,  and  probably 
spermatocytes  also,  have  an  induced  frequency  of  gene  mutations 
more  like  that  in  spermatozoa  than  that  in  gonial  stages  (Berman,  1939; 
Muller,  R.  M.  Valencia,  and  J.  I.  Valencia,  1950).^  The  results  on 
visible  gene  mutations  produced  in  the  somatic  cells  of  embryonic  or 
young  stages  give  frequencies  of  the  same  order  of  magnitude  as  obtained 
with  germ  cells,  but  they  are  as  yet  too  meager  for  a  decision  as  to  which 
germ  cell  stage  they  resemble  more  closely  in  frequency.  It  is  of  course 
to  be  expected  that  they  would  have  frequencies  like  those  in  the  gonial 
(interphase)  germ  cells. 

3  The  frequency  in  spermatozoa  of  different  stages  has  recently  been  found  to  vary 
considerably,  as  noted  in  Chap.  8. 


410  RADIATION   BIOLOGY 

16.  DIFFERENCES  BETWEEN  THE  PRODUCTION  OF  MUTATIONS 

IN  DIFFERENT  SPECIES 

As  will  be  discussed  in  Chap.  8,  some  physicoohemical  conditions  accom- 
panying irradiation  have  a  pronounced  influence  on  the  frequency  of 
production  by  radiation  of  both  gene  mutations  and  structural  changes. 
In  view  of  this  and  of  the  foregoing  results  showing  the  influence  of 
cellular  stage,  it  is  to  be  expected  that  some  genetic  differences  also  would 
influence  these  frequencies.  Dubovsky  (1935)  reported  finding  statis- 
tically significant,  although  not  very  large,  differences  in  the  frequency  of 
X-ray-induced  lethals  on  irradiation  of  spermatozoa  of  different  stocks  of 
Drosophila.  However,  these  results  do  not  seem  secure,  when  account  is 
taken  of  various  possible  sources  of  error,  such  as  the  possible  presence  in 
some  stocks  of  detrimental  genes,  which  by  a  synergistic  effect  cause 
other  detrimental  genes,  induced  by  the  irradiation,  to  be  classified  as 
lethals.  Similarly,  much  more  striking  differences  in  the  induced  muta- 
tion frequency  observed  in  different  stocks  of  bacteria  may  have  had  their 
origin  in  differences  in  the  number  of  chromosome  sets  present  ("ploidy  ") 
which  affected  the  detection  of  the  mutants.  On  the  other  hand  Kossikov 
(1937)  found  sensibly  the  same  X-ray-induced  frequency  of  sex-linked 
lethals  in  Drosophila  simulans  as  in  D.  melanogaster  although  here  the 
genetic  difference,  being  of  species  rank,  must  have  been  far  greater  than 
in  any  of  the  above  cases.  Timofeeff-Ressovsky  (1931a)  found  only  a 
slight  difference  in  this  respect  between  the  much  more  widely  separated 
species  D.  melanogaster  and  D.  funebris.  It  therefore  seems  Hkely  that 
large  differences  in  induced  frequency  are  comparatively  rarely  caused  by 
such  genetic  differences  as  commonly  exist  between  individuals  of  the 
same  population. 

There  is  much  more  reason  for  supposing  marked  differences  to  exist  in 
the  induced  mutation  frequency  between  organisms  of  widely  differing 
systematic  groups.  The  experimental  establishment  of  this  point  meets 
with  very  serious  difficulties,  however.  This  is  in  part  because  compari- 
sons of  the  over-all  frequencies  of  any  given  phenotypic  class  of  mutations 
are  of  very  uncertain  meaning.  The  differences  in  developmental  and 
physiological  processes  between  two  organisms  of  very  diverse  kinds  are 
so  great  that  a  given  phenotypic  category  for  one  type  of  organism  cannot 
be  taken  as  being  in  genetic  respects  equivalent  to  any  apparently  cor- 
responding category  for  the  other  type.  Again,  it  has  not  as  yet  been 
possible,  in  organisms  other  than  Drosophila,  to  obtain  even  an  approxi- 
mate estimate  of  the  total  number  of  genes,  still  less  of  the  number  of 
genes  underlying  any  given  "over-all"  phenotypic  category  (such  as 
lethals),  and  without  such  knowledge  the  significance  of  any  comparative 
results  on  over-all  mutation  rates  must  remain  unclear. 

Nevertheless,  comparisons  of  the  work  on  widely  different  organisms 
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have  provided  some  interesting  points,  both  of  agreement  and  of  contrast. 
To  note  first  some  agreements,  it  is  to  be  observed  that  lethals  (as  pre- 
viously defined)  appear  among  organisms  in  general  to  greatly  outnumber 
the  externally  visible  mutations,  both  in  the  case  of  spontaneous  and  of 
radiation-induced  mutations.  As  for  comparative  frecjuencies  in  different 
organisms,  the  attempt  to  estimate  total  mutation  frequency  directly  has 
been  made  only  in  Drosophila,  for  either  spontaneous  or  induced  muta- 
tions. However,  certain  spontaneous  frequencies  for  specific  visible  loci 
have  been  determined  for  a  number  of  organisms.  From  this  work  it  has 
turned  out,  rather  surprisingly,  that  the  median  frequencies  per  locus  per 
generation  for  spontaneous  gene  mutations  seem  to  be  of  the  same  order 
of  magnitude  in  maize  (Stadler,  1942),  Drosophila  (Muller,  J.  I.  Valencia, 
and  R.  M.  Valencia,  1950),  mice  (Russell,  1952  and  unpublished),  and 
human  beings  (Haldane,  1949).  Nevertheless,  in  maize  immense  varia- 
tions in  spontaneous  frequency  between  one  locus  and  another  appear  to 
be  very  common,  and  the  range  covers  three  orders  of  magnitude,  from 
the  order  of  1  in  1000  to  1  in  1,000,000  as  found  by  Stadler,  while  in  the 
three  animal  types  mentioned  the  variation  in  frecjuency  seems  on  the 
whole  much  smaller,  although  in  certain  cases  still  large,  e.g.,  of  one  or 
occasionally  even  two  orders  of  magnitude. 

It  is,  however,  when  the  mutations  induced  by  ionizing  radiation  are 
examined  that  the  most  startling  apparent  differences  in  frequency  are 
found.  Most  notable  here  is  the  fact  that  in  the  work  on  such  mutations 
conducted  by  Stadler  on  maize  since  1928,  it  has  not  yet  been  possible  to 
obtain  convincing  evidence  of  the  production  of  any  gene  mutations  at  all, 
either  in  the  investigations  of  over-all  mutation  frequency  or  in  those 
more  critical  experiments  which  deal  with  specific  loci.  It  is  true  that 
so-called  "point  mutations,"  resembling  gene  mutations  and  inherited 
like  them,  were  produced  in  abundance.  Yet  the  results  of  analyses  of 
mutations  involving  certain  particular  loci  indicate  that  in  the  great 
majority  of  these  cases,  at  least,  the  changes  consist  of  minute  deletions 
(Stadler,  1941;  Stadler  and  Roman,  1948).  This  was  evidenced  by  the 
facts  that  (1)  the  mutation  induced  at  the  given  locus  was  always  the 
most  extreme,  apparently  amorphic,  allele  of  the  normal  gene,  unlike 
what  was  true  of  the  spontaneous  and  ultraviolet  mutations  of  the  same 
gene,  and  (2)  pollen  containing  the  mutant  genetic  condition  was  always 
more  or  less  deleteriously  affected  in  their  development  or  growth,  like 
those  with  deficiencies  (see  p.  371)  and  unlike  those  with  spontaneous  or 
ultraviolet  mutations  of  the  given  gene. 

One  important  reason  for  this  apparent  dearth  of  induced  gene  muta- 
tions probably  lies  in  the  fact  that,  for  a  given  dose  of  radiation,  gross 
structural  changes  of  chromosomes  (including  unrestituted  single  breaks) 
arise  with  far  greater  frequency,  per  cell,  than  in  Drosophila.  As  these 
cause  a  high  frequency  of  lethal  effects,  thus  lowering  the  effective 
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fecundity,  it  is  necessary  to  use  a  much  lower  dose  than  that  commonly 
employed  in  Drosophila.  Yet  even  at  this  low  dose  the  frequency  of 
minute  deletions,- hke  that  of  gross  structural  changes,  is  probably  a  good 
deal  highe.r  than  for  the  same  dose  when  applied  to  Drosophila.  These 
del'etions  then  would  tend,  by  their  numbers,  to  obscure  from  view  the 
occurrence  of  gene  mutations.  Even  when  all  these  allowances  are  made, 
however,  it  still  seems  probable  that  gene  mutations  in  maize,  if  produced 
at  all  by  ionizing  radiation,  arise  at  a  considerably  lower  frequency,  for  a 
given  dose,  than  is  the  case  in  Drosophila.  Nevertheless,  in  view  of 
facts  given  in  Chap.  8,  there  is  theoretical  ground  for  inferring  that  some 
gene  mutations  must  be  produced  by  this  means  even  in  maize. 

'     17.  AGENTS  OTHER  THAN  RADIATION 
WHICH  SEPARATELY  AFFECT  MUTATION  FREQUENCY 

In  order  that  the  mutagenic  influence  of  radiation  may  be  viewed  in 
better  perspective,  consideration  mil  be  given  in  this  section  to  the  other 
agents  which,  acting  without  significant  amounts  of  radiation,  affect  the 
occurrence  of  mutations.  In  this  connection,  it  will  be  taken  for  granted 
that  natural  (earth  and  cosmic)  radiation  is  ordinarily  far  too  meager  to 
play  an  appreciable  role  in  the  mutation  process,  and  that  therefore,  in 
the  absence  of  artificially  applied  radiation,  these  other  influences  are  not 
working  through  any  interaction  with  radiation  effects.  A  review  of  the 
evidence  for  this  will  be  postponed  until  the  more  detailed  treatment  of 
radiation  mutagenesis  presented  in  Chap.  8.  For  that  chapter  also  will 
be  reserved  a  discussion  of  the  influence  of  other  factors  when  they  do 
work  in  conjunction  with  radiation. 

The  first  condition  of  any  kind  found  to  affect  mutation  frequency  was 
temperature  (Muller  and  Altenburg,  1919;  MuUer,  1928c).  Drosophila 
raised  and  bred  at  27°C  showed  a  frequency  of  origination  of  mutations 
(sex-linked  and  other  lethals)  per  generation  two  to  three  times  as  high  as 
did  those  at  17°C,  despite  the  fact  that  in  some  of  these  experiments  each 
generation  passed  at  the  lower  temperature  lasted  two  to  three  times  as 
long.  Thus,  as  worked  out  more  exactly  by  Timofeef-Ressovsky  (1935b) , 
the  temperature  coefficient,  Qio,  of  the  mutation  frequency,  was  5  to  6,  a 
figure  markedly  higher  than  the  Qio  of  2  to  3  which  is  characteristic  of  the 
processes  of  development  and  of  metabolism,  and  of  the  reactions  ordi- 
narily dealt  with  by  chemists. 

This  result  could  simply  mean,  as  pointed  out  by  Delbruck  (1935),  on 
entering  this  field  from  physics,  that  the  chemical  change  involved  in 
mutation  has  an  especially  high  energy  threshold,  but  takes  place  when- 
ever this  threshold  is  passed.  If  it  is  assumed  that  the  frequency  of 
mutation  at  a  given  temperature  depends  entirely  on  the  frequency  with 
which  this  threshold  amount  of  kinetic  energy  is  attained  at  that  tem- 
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perature  by  the  molecular  and  submolecular  particles  in  the  protoplasm 
in  their  collisions  with  the  genes,  and  that  any  such  superthreshold  colli- 
sion results  in  a  mutation,  then  it  can  be  calculated,  as  was  done  by 
Delbriick,  that  the  mutation  frequency  of  any  given  gene  is  so  low — one 
mutation  in  some  thousands  of  years,  according  to  the  present  writer 
(1923) — as  to  indicate  a  correspondingly  high  energy  threshold  for  the 
reaction.  In  fact,  the  threshold  thus  calculated  from  the  mutation  fre- 
quency turns  out  to  be  of  just  the  right  order  of  magnitude  to  result  in 
the  observed  Qw  of  5  to  6.  This  correspondence  with  the  observations 
lent  support  to  Delbrlick's  interpretation. 

Alternatively,  it  might  be  supposed  that  the  mutation  process  requires 
contact  between  the  gene  and  one  or  more  special  substances,  perhaps 
also  in  a  special  way.  In  that  case  there  would  not  necessarily  be  a  par- 
ticularly high  energy  threshold,  for  the  given  collisions  might  be  very 
rare.  As  thermal  agitation  would  in  any  case  play  a  role  in  bringing 
about  the  required  contacts,  there  would  still  be,  other  things  being  equal, 
an  increase  in  mutation  frequency  with  rise  in  temperature.  But  the 
increase  caused  in  this  way  should  be  proportionate  only  to  the  speeding 
up  of  the  life  cycle  and  of  general  metabolism,  thus  following  a  Qm  of  2  to 
3,  unless  the  mutation  process  required  the  concatenation  of  more  acci- 
dental events  than  did  the  other  processes  (i.e.,  unless  it  was  essentially 
multimolecular) . 

In  a  case  of  this  kind,  however,  "other  things"  might  not  be  equal. 
That  is,  a  difference  in  temperature  might  in  addition  influence  the 
mutation  frequency  in  another  way,  namely,  by  occasioning  a  difference 
in  the  concentration  of  substances  which,  directly  or  indirectly,  affect  the 
occurrence  of  mutation.  Since  substances  favoring  mutation  would  not 
necessarily  become  more  concentrated  with  rise  in  temperature,  it  could 
not  be  predicted  whether  this  influence,  if  it  existed,  would  be  in  the 
direction  of  raising  or  of  lowering  the  Qio.  It  might,  in  fact,  work  in  one 
direction  in  some  types  of  organisms  and  contrariwise  in  others,  and  it 
might  work  differently  according  to  just  which  temperatures  were  being 
studied. 

In  the  above  connection  it  should  be  noted  that  the  lower  and  higher 
temperatures  used  (approximately  17°  and  27°C)  were  both  within  the 
range  that  may  be  considered  normal  and  innocuous  to  the  organism. 
But,  if  this  range  had  been  transgressed  in  either  direction,  the  circum- 
stances affecting  mutation  frequency  might  well  have  been  altered 
markedly.  This  is  to  be  inferred  from  the  considerations  indicating  that 
all  organisms  have  been  subjected  to  prolonged  selection  for  a  constitu- 
tion which  under  normal  conditions  results  in  a  lower  mutation  rate  than 
would  otherwise  obtain  in  them.  In  consequence  of  this  situation, 
marked  departures  from  normal  conditions,  leading  to  disturbances  in  the 
biochemical  organization,  would  on  the  whole  tend  to  result  in  a  higher 
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mutation  rate.  In  apparent  accord  with  this  principle,  later  work  has 
given  evidence  that  under  the  influence  of  either  abnormally  high  (Muller, 
1928d;  Plough  and  Ives,  1932;  Buchmann  and  Timofeeff-Ressovsky, 
1935,  1936)  or  abnormally  low  (Birkina,  1938;  Kerkis,  1939)  tempera- 
tures, and  possibly  also  under  that  of  violent  changes  in  temperature  even 
when  the  temperatures  would,  if  constant,  have  lain  in  the  normal  range 
(Zuitin,  1939),  the  mutation  frequency  of  Drosophila  is  considerably 
increased.  Similarly,  Stubbe  and  Doring  (1938)  have  found  malnutri- 
tion, caused  by  an  undersupply  of  any  one  of  several  elements,  to  raise  the 
mutation  frequency  in  Antirrhinum  two  or  more  fold. 

Meanwhile,  long  before  the  findings  on  abnormal  temperatures,  a 
second  series  of  results  on  the  so-called  "spontaneous"  mutation  fre- 
quency in  Drosophila,  obtained  by  the  present  writer,  had  shown  that  it  is 
a  highly  variable  quantity,  often  differing  from  one  experiment  to 
another  by  a  factor  of  10  or  more,  and  that  at  least  one  cause  of  this 
variability  is  probably  the  genetic  composition  (Muller,  1928c).  Later, 
the  existence  of  definite  genes  (doubtless  themselves  mutant)  which 
increase  the  general  mutation  frequency  of  Drosophila  to  this  extent  was 
proved  in  several  different  investigations  by  Demerec  (1937),  Plough 
and  Holthausen  (1937),  Neel  (1942),  and  Ives  and  Andrews  (1946). 
Such  genes  are  now  known  as  mutator  genes.  A  gene  of  this  kind  in 
maize,  called  "sticky  "  from  its  effect  on  the  chromosomes,  in  which  it  also 
caused  a  high  frequency  of  breakage  and  structural  change,  has  been 
reported  by  Beadle  (1932).  It  is  such  mutations,  affecting  mutation 
frequency  itself,  but,  in  the  main,  those  decreasing  mutation  frequency, 
which  must  have  furnished  most  of  the  material  for  natural  selection  to 
work  with,  whereby  the  natural  or  "spontaneous"  mutation  frequency 
has  been  brought  within  such  limits  as  are  on  the  whole  advantageous  to 
the  species  in  its  survival  and  evolution.  In  addition,  the  more  stable 
alleles  of  each  individual  gene  must  also  have  been  selected. 

The  existence  of  marked  variations  in  mutation  frequency  and,  more 
specifically,  of  those  caused  by  abnormal  temperature  influences,  by  mal- 
nutrition, and  by  mutator  genes,  pointed  clearly  to  the  conclusion  that 
differences  in  chemical  conditions  must  affect  the  occurrence  of  the  muta- 
tions which  are  called  spontaneous.  It  was  therefore  to  be  expected  that 
mutagenic  chemicals  could  be  found,  and  that  even  the  natural  differ- 
ences in  cellular  biochemistry  associated  with  different  stages  of  develop- 
ment, types  of  cell,  and  modes  of  metabolism  might  to  some  extent 
influence  the  occurrence  of  mutations.  Nevertheless,  tests  of  various  sub- 
stances, even  in  highly  detrimental  amounts,  for  a  long  time  failed  to  give 
evidence  of  any  marked  production  of  mutations  in  Drosophila.  It  is 
true  that  results  bordering  on  the  significant,  and  indicating  something 
on  the  order  of  a  doubling  of  the  mutation  frequency,  were  occasionally 
reported  (for  example,  in  tests  of  iodine,  of  copper  sulfate,  and  of  ammo- 
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nia).  In  such  cases,  however,  it  was  usually  difficult  to  know,  in  view  of 
the  high  variability  of  the  spontaneous  mutation  frequency,  whether 
differences  in  genetic  constitution  and  in  other  conditions  than  the  one 
under  investigation  had  been  rigorously  enough  ruled  out.  The  same 
stricture  applied  to  similar  work  which  had  been  carried  out  by  Stubbe, 
Baur  and  their  co-workers  on  visible  mutations  in  the  snapdragon, 
Antirrhinum  (Baur,  1924). 

The  first  outstanding  success  in  the  use  of  a  chemical  for  mutagenesis 
was  obtained  in  1941  by  Auerbach  and  Robson  in  their  tests  of  mustard 
gas  and  related  substances  on  Drosophila,  although  the  information  could 
not  be  published  in  declassified  form  until  1946  (Auerbach,  and  Robson 
1946  et.  seq.).  Robson  had  been  led  to  suggest  that  tests  be  made  to 
determine  whether  mustard  resembles  ionizing  radiation  in  being  muta- 
genic, from  the  consideration  that  its  deep,  slow-healing  burns  and  other 
somatic  effects  showed,  as  he  had  noticed,  a  peculiar  resemblance  to  the 
somatic  effects  of  ionizing  radiation.  Moreover  (as  is  now  known) 
mustard,  like  radiation,  also  tends  to  inhibit  mitosis.  Like  radiation 
again,  it  was  found  in  Auerbach's  tests  to  produce  both  gene  mutations 
and  structural  changes  of  varied  kinds,  in  considerable  abundance.  The 
former  can  in  fact  be  induced  by  mustard  with  practically  as  high  a  fre- 
quency as  by  radiation.  Structural  changes,  however,  are  induced 
somewhat  more  rarely  than  by  doses  of  radiation  giving  the  same  fre- 
quency of  gene  mutations  as  the  mustard.  This  may  be  because  the 
chromosome  breaks  are  not  so  nearly  simultaneous  in  their  occurrence 
as  with  radiation,  being  often  delayed.  In  fact,  unlike  what  happens 
with  radiation,  the  mutation  or  chromosome  change  induced  by  mustard 
sometimes  occurs  in  a  chromosome  that  is  a  rather  remote  descend- 
ant of  the  one  which  had  been  directly  treated,  as  though  the  treat- 
ment had  originally  induced  in  the  genetic  material  a  metastable 
state  (like  that  of  Baur's  spontaneous  "premutations"  in  Antirrhinum), 
in  which  the  somatic  effect  was  still  normal,  but  which  became  copied  in 
the  process  of  chromosome  reproduction,  and  finally  resulted,  in  some  of 
the  descendant  chromosomes,  in  a  stable  mutant  configuration  (Auerbach, 
1947). 

The  mutagenic  action  of  the  mustard  group  is,  like  that  of  radiation, 
very  general.  It  has  now  been  proved  for  organisms  of  the  most  varied 
kinds,  including  bacteria,  fungi,  and  (as  far  as  structural  changes  are  con- 
cerned) higher  plants  and  mammals — in  the  latter  two  groups  by  KoUer, 
Ansari,  and  Robson  (1943)  and  Koller  (1949).  Since  the  discovery  of 
mutagenesis  by  mustard,  it  has  become  difficult  to  avoid  the  conclusion 
that  the  similarity  in  the  types  of  somatic  effect  of  mustard  and  of  ion- 
izing radiation  is,  for  most  of  the  effects,  based  on  the  production  of 
chromosome  changes  by  both  of  these  agents.  On  this  view,  it  is  to  be 
expected  that,  like  radiation,  mustard  would  also  have  an  especially 
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damaging  action  on  more  rapidly  growing  tissues.  This  has  in  fact 
proved  to  be  the  case.  It  now  forms  the  basis  for  the  use  of  mustard  as 
an  alternative  or  accessory  to  radiation  in  the  treatment  of  malignancies. 
This  is  one  way  in  which  radiation  genetics,  this  time  through  its  offshoot, 
mustard  mutagenesis,  has  had  an  important  impact  on  therapy. 

Closely  following  upon,  and  in  part  independently  of,  the  work  on 
mustards,  an  ever  increasing  series  of  chemicals  has  been  found  to  have 
markedly  mutagenic  properties  in  given  organisms,  although  few  if  any 
others  are  as  potent,  in  doses  which  it  is  practicable  to  apply,  as  are  the 
mustards  themselves,  and  few  others  have  yet  been  shown  to  be  muta- 
genic in  organisms  in  general.  For  some  alleged  mutagens,  especially  for 
some  of  the  numerous  substances  reported  to  be  mutagenic  by  Rapoport 
(1946a,  b,  1948a,  b)  on  the  basis  of  independent  work  carried  out  by  him 
in  the  U.S.S.R.,  confirmation  is  still  lacking,  but  for  other  substances 
reported  by  him,  as  well  as  for  a  number  of  quite  different  substances, 
there  is  now  no  room  for  doubt,  at  least  in  certain  organisms. 

A  notable,  and  probably  the  first,  example  found,  following  the  mus- 
tards, of  a  substance  that  is  probably  mutagenic  for  organisms  in  general, 
is  the  narcotic  ethyl  urethane.  It  was  discovered  by  Oehlkers  (1943)  that 
this  substance  produces  chromosome  changes  in  higher  plant  material, 
and  it  was  discovered  both  by  Rapoport  (1946b)  and  by  Vogt  (1948,  1950) 
that  it  produces  lethals,  apparently  of  the  gene-mutation  kind,  in  Dro- 
sophila,  and  by  Vogt  that  it  also  produces  chromosome  changes  in 
Drosophila.  In  Rapoport's  work,  urethane  was  only  one  (although  the 
most  effective)  of  several  carbamates  found  to  produce  mutations,  and  he 
appears  to  regard  mutagenicity  as  characteristic  of  this  entire  group  of 
substances. 

In  recent  years  the  noteworthy  fact  has  emerged  that  virtually  all 
agents  which  have  thus  far  been  found  to  produce  gene  mutations,  and 
for  which  the  matter  has  been  satisfactorily  investigated,  have  also  been 
found  to  have  some  effect  in  producing  structural  changes  of  chromo- 
somes. This  finding  has  recently  been  extended  to  a  mutator  gene  in 
Drosophila  by  Hinton,  Ives,  and  Evans  (1952). 

For  a  recent  list  of  these  chemicals  the  reader  may  be  referred  to  Jensen, 
Kirk,  Kolmark,  and  Westergaard  (1952)  and,  for  important  additional 
substances,  investigated  by  her,  to  Bird  (1950,  1951,  1952).  A  bibliog- 
raphy of  the  extensive  Drosophila  literature  on  the  genetic  effects  of 
chemicals  has  been  published  by  Herskowitz  (1951).  An  attempt  to  list 
chemical  mutagens  here  would  entail  too  great  a  digression,  in  view  of  the 
state  of  flux  of  this  subject  and  the  fact  that,  although  many  of  them  do 
fall  into  certain  groups,  these  groups  have  not  yet  been  found  to  show 
any  agreement  with  one  another  in  regard  to  features  of  either  their  struc- 
ture or  their  mode  of  chemical  or  physiological  action.  Thus  there  is  as 
yet  no  unified  or  agreed  upon  chemical  interpretation  of  their  mutagenesis, 
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nor  has  the  course  of  chemical  action  been  worked  out  in  the  case  of  even 
one  mutagen,  although  there  have  of  course  been  varied  speculations. 
It  is  moreover  likely  that,  in  one  sense,  there  can  never  be  a  unified 
interpretation,  since  it  seems  probable,  a  priori,  that  some  chemicals 
would  produce  their  biological  effects  through  far  more  devious  chemical 
pathways  than  others,  yet  happen  to  arrive  at  equivalent  end  results, 
perhaps  through  the  same  final  pathway.  An  illustration  of  condition- 
ality  in  mutagenesis  is  furnished  by  formaldehyde,  since  it  has  been 
found  to  cause  a  marked  increase  of  the  mutation  rate  when  it  is  applied 
to  the  food  of  the  Drosophila  male,  as  shown  by  Rapoport  (1946a)  and 
confirmed  by  Kaplan  (1948),  yet  it  is  ineffective  when  applied  to  the 
male  at  certain  stages  or  under  certain  conditions,  as  shown  by  Auerbach 
(1949a)  and  by  Herskowitz  (1949),  and  quite  nonmutagenic  when  applied 
to  the  female  in  any  manner,  as  shown  by  Herskowitz  (1950)  and  by 
Auerbach  (1951). 

Several  whole  groups  of  mutagens  besides  the  mustards  and  carbamates 
do  require  specific  mention  here,  however.  Perhaps  the  first  in  impor- 
tance is  the  group  of  organic  and  other  peroxides,  recently  found  to  be 
mutagenic  in  both  bacteria  and  molds,  by  Wyss,  Clark,  Haas,  and  Stone 
(1948),  Dickey,  Cleland,  and  Lotz  (1949),  and  Wagner,  Haddox,  Fuerst, 
and  Stone  (1950).  This  group  is  of  special  interest  for  the  present  review 
because  of  the  relation  of  radiation  mutagenesis  to  oxidation.  In  fact, 
even  oxygen  itself  has  been  found,  by  Conger  and  Fairchild  (1952),  to 
cause  chromosome  changes  in  Tradescantia.  Possibly  related  in  mode  of 
action  to  the  peroxides  are  certain  other  compounds,  reported  to  be 
mutagenic  in  Drosophila.  These  include  potassium  permanganate,  evi- 
dence for  the  mutagenicity  of  which  was  obtained  as  early  as  1936  by 
Naumenko,  and  perhaps  the  epoxides,  aldehydes,  ketones,  and  even 
glycols,  reported  mutagenic  by  Rapoport  (1946a,  1948a,  b).  However, 
the  above-mentioned  indirectness  or  special  conditions  of  action  found 
for  one  member  of  the  aldehyde  group — formaldehyde — when  more 
detailed  tests  were  made,  shows  that  much  caution  is  necessary  in 
interpreting  these  results. 

Recent  tests  of  chemicals  by  Demerec,  Bertani,  and  Flint  (1951)  have 
indicated  that  many  different  agents,  when  used  in  such  concentration  as 
to  be  very  detrimental  to  bacteria  {E.  coli),  occasion  at  the  same  time  a 
moderate  increase  in  their  rftutation  frequency,  by  a  factor,  for  instance, 
of  2  or  3.  We  are  reminded  here  of  the  effects  of  both  abnormal  heat 
and  abnormal  cold,  and  of  some  reports  of  other  detrimental  conditions 
(see  pp.  413-414),  on  Drosophila  and  on  Antirrhinum.  That  is,  the 
results  indicate  a  biochemical  disorganization  in  which  the  processes 
normally  tending  to  hold  the  mutation  frequency  in  check  are  to  some 
extent  interfered  with.  These  agents,  then,  are  not  to  be  considered  as 
being,  like  the  mustards,  directly  mutagenic.     The  fact  that  this  non- 
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specific  effect  in  slightly  increasing  the  mutation  frequency  has  relatively 
seldom  been  demonstrated  in  Drosophila,  even  when  such  highly  detri- 
mental concentrations  of  chemicals  are  fed  as  to  kill  the  great  majority 
of  them  (Muller,  1928d),  is  probably  due  to  the  germ  cells  in  multi- 
cellular animals  being  held  protected  in  such  a  well-regulated  somatic 
system  that  under  many  conditions  death  of  the  body  as  a  whole  occurs 
before  the  germ  cells  are  allowed  to  have  their  metabolism  greatly  dis- 
turbed. Abnormal  temperatures,  unlike  many  chemicals,  however,  can- 
not be  kept  out  of  any  part  of  such  a  small  organism  as  a  fly.^ 

18.  INFLUENCE  OF  NORMAL  METABOLIC  PROCESSES 
ON  THE  OCCURRENCE  OF  GENE  MUTATIONS 

It  would  be  of  much  interest  to  know  the  effects,  if  any,  on  the  "spon- 
taneous" gene  mutation  frequency  which  are  exerted  by  the  differences  in 
metabolic  processes  and  biochemical  conditions  generally  which  normally 
exist  between  different  cells  of  the  same  organism,  and  between  cells 
at  different  stages  in  the  cell  cycle,  and  in  the  life  cycle  of  the  whole 
individual. 

In  an  approach  to  problems  of  this  kind  in  Drosophila  evidence  was 
obtained  by  the  present  writer  (1946a,  b,  but  with  the  details  still  unpub- 
hshed)  that  the  occurrence  of  the  great  majority  of  spontaneous  gene 
mutations  in  the  germ  cells,  or  cells  of  the  germinal  line,  is  concentrated 
into  two  relatively  short  periods  of  germ-track  history.  These  are: 
(1)  that  of  very  early  embryogeny,  the  so-called  "early  cleavage"  stage 
when  nuclear  divisions  are  taking  place  in  rapid  succession;  and  (2)  some 
period  shortly  antecedent  to  fertihzation,  either  that  in  which  the  germ 
cells  are  undergoing  their  spurt  of  proliferation  as  gonia,  just  prior  to 
their  maturation,  or  the  protracted  maturation  period  itself,  or  both 
taken  together.  In  the  long  intervening  period  of  larval  and  adult  life, 
in  which  by  far  the  greater  part  of  germ-cell  existence  is  spent,  very  few 
mutations  occur.  This  was  shown  by  the  fact  that  it  made  no  per- 
ceptible difference  in  the  final,  total  frequency  of  mutations  whether  or 
not  this  period  is  prolonged  to  several  times  its  usual  length,  whether  this 
prolongation  takes  place  in  the  larval  or  adult  stage,  or  whether  the 
individual  is  starving  or  actively  metabolizing  and  reproducing  during 
that  time.  In  addition  to  these  two  periods*  there  is  in  the  germ  cells  of 
the  male  one  other  period  when  spontaneous  mutations  occur  at  a  per- 

^  Since  the  foregoing  material  was  written,  Novick  and  Szilard  (1952)  have  reported 
distinct  influences  on  the  frequency  of  mutations  in  E.  coli  to  be  exerted  by  diverse 
substances,  including  some  organic  compounds  of  common  occurrence  in  organisms, 
and  others  related  to  these.  These  important  results,  the  obtaining  of  which  was 
made  possible  by  the  use  of  their  chemostat,  have  come  to  hand  too  late  for  considera- 
tion here. 


NATURE    OF   THE    GENETIC    EFFECTS  419 

ceptible  rate,  although  probably  not  at  as  high  a  rate  per  unit  of  elapsed 
time  as  during  the  other  two,  namely,  that  of  the  mature  spermatozoa. 
This  is  demonstrated  by  aging  the  spermatozoa,  for  when  this  is  done  it  is 
found  that  the  older  spermatozoa  carry  more  mutant  genes. 

The  above  striking  correspondence  between  the  periods  of  highest 
mutation  rate  and  those  of  highest  mitotic  activity  strongly  suggests 
that  either  the  process  of  gene  reproduction  itself,  or  at  any  rate  some 
feature  or  features  of  the  heightened  metabolism  associated  with  pro- 
liferation, are  somehow  conducive  to  the  occurrence  of  mutations.  Some 
evidence  of  this  correspondence  exists  also  in  results  from  human  material, 
if  we  may  accept  Haldane's  (1947)  calculation  (based  on  certain  Danish 
data  on  the  incidence  of  a  human  mutation)  indicating  that  the  frequency 
of  newly  arisen  mutant  genes  is  much  higher  among  human  spermatozoa 
than  among  human  eggs,  inasmuch  as  there  has  been  much  more  active 
proliferation  in  the  production  of  the  former  than  of  the  latter.  On  the 
other  hand,  the  accumulation  of  mutations  in  aging  spermatozoa  is  an 
example  of  a  contrary  kind,  indicating  that  spontaneous  mutations  can 
also  occur,  at  least  under  given  conditions,  when  the  genes  are  (as  shown 
by  Muller  and  Settles,  1927)  in  a  state  of  dormancy. 

One  of  the  purposes  of  the  experiment  on  aging  in  Drosophila  was  to 
attempt  to  throw  light  on  the  question,  raised  by  the  present  writer 
(1928c),  whether  gene  mutations  consist  in  "mistakes"  made  in  the 
synthesis  of  daughter  genes  by  their  mother  genes,  or  in  alterations  of  the 
already  completed  genes,  or  whether  mutations  of  both  types  occur. 
The  positive  correlation  bet\veen  mutation  frequency  and  mitotic  fre- 
quency, both  in  Drosophila  and  apparently  in  man,  might  be  interpreted 
as  an  indication  of  the  mutations  in  that  case  being  mainly  of  the  first 
type,  although  it  might  alternatively  be  supposed  that  the  greater 
metaboHc  activity  of  growing  cells  was  in  some  way  conducive  to  muta- 
tions in  the  completed  genes.  On  the  other  hand,  the  apparent  accumula- 
tion of  mutations  in  mature  spermatozoa  would  seem  to  indicate  that  in 
this  case  already  formed  genes  had  been  changed.  Yet  it  might,  alterna- 
tively, be  supposed  in  this  case  that  the  mutations  occurred  only  after 
fertilization,  in  the  process  of  construction  of  the  daughter  genes,  under 
the  influence  of  mutagenic  substances  accumulated  during  aging.  It  is 
true  that  on  that  supposition  the  mutant  and  normal  genes  would  be 
mosaically  distributed  in  the  resulting  individual,  but  the  evidence  as  to 
whether  or  not  this  is  the  case  is  still  lacking.  Hence  none  of  these  experi- 
ments are  conclusive  so  far  as  this  problem  is  concerned. 

More  direct  light  on  the  question  has  been  thrown  by  experiments  with 
bacteria.  In  1944  Zamenhof  reported  a  correlation  of  mutation  fre- 
ciuency  in  bacteria  with  frequency  of  reproduction.  On  the  other  hand, 
Novick  and  Szilard  (1950),  by  means  of  highly  refined  methods  involving 
the  use  of  their  "chemostat,"  succeeded  in  showing  that,  when  reproduc- 
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tion  of  E.  coll  is  hindered  to  various  degrees  by  regulation  of  the  supply  of 
an  essential  nutrient,  the  frequency  of  mutations  per  unit  of  time  remains 
constant.  In  other  words,  within  a  given  length  of  time,  as  many 
mutants  arise,  on  the  average,  in  a  line  of  bacteria  that  has  undergone 
few  divisions  as  in  one  that  has  undergone  many,  and  this  principle  holds 
over  a  very  wide  range  of  proliferation  rates.  (A  "line"  in  this  case 
would  signify  a  succession  of  individual  bacteria  produced  one  from  the 
other  by  cell  division,  with  just  one  of  the  two  products  of  each  cell 
division  always  being  taken  for  the  continuance  of  the  line.)  However 
(according  to  a  personal  communication  from  Szilard),  when  proliferation 
is  reduced  to  zero,  by  the  complete  cutting  off  of  the  supply  of  the  minimal 
constituent,  mutations  also  cease,  or  nearly  cease,  to  occur.  The  latter 
result  may  perhaps  be  used  in  reconciling  the  apparent  contradiction 
between  Zamenhof's  findings  and  those  of  Novick  and  Szilard. 

By  analogy  with  the  findings  of  Lederberg  et  at.  (1952)  on  crossable 
strains  of  E.  coli,  in  which  genetic  changes  of  an  apparently  similar  kind 
could  be  shown  by  Mendelian  analysis  to  involve  individual  genes,  we 
may  infer  that  the  mutations  dealt  with  by  Novick  and  Szilard  were  in  all 
probability  gene  mutations.  Their  finding  of  the  independence  between 
mutation  frequency  and  reproduction  rate  within  a  wide  range  of  the 
latter  therefore  implies  that  these  mutations  consisted  of  changes  in 
already  completed  genes,  rather  than  in  the  construction  of  new  genes. 
Why  then  is  it  that  the  mutations  occurred  only  when  at  least  a  little 
reproductive  activity  was  going  on?  It  is  evident  from  the  results  that, 
as  long  as  any  proliferation  at  a  rate  above  a  certain  minimal  one  is  being 
attempted,  but  not  in  its  absence,  there  is  a  steady  stream  of  metabolic 
processes  of  some  kind,  not  otherwise  occurring,  which  result  in  occa- 
sional mutations.  It  is  conceivable  that  these  processes,  in  acting  to 
cause  a  mutation,  alter  or  rearrange  gene  material  which,  but  for  the 
mutation  itself,  would  have  remained  in  place  just  as  it  had  been.  But  it 
would  seem  at  least  as  likely  that,  in  connection  with  these  metabolic 
processes,  a  continual  turnover  and  replacement  of  at  least  some  of  the 
gene  parts  is  normally  occurring,  at  a  rate  independent  of  the  over-all 
growth,  and  that  in  the  course  of  this  replacement  missteps  occasionally 
occur,  whereby  a  new  gene  part  is  substituted  which  is  different,  or  which 
becomes  arranged  and  connected  up  differently,  from  the  old  one  that  it 
replaces.  The  hypothetical  normal  replacement  process  might  even 
involve  a  kind  of  gene  reproduction  itself.  For  if,  as  has  sometimes  been 
postulated,  the  gene  produces  its  effects  on  the  protoplasm  by  means  of 
the  building  of  partial  or  complete  gene  replicas,  which  become  loosed  into 
the  cell,  all  the  original  gene  material  might  not  invariably  stay  behind  in 
the  chromosome  while  the  newly  built  material  emigrated,  but  a  part  or 
all  of  the  old  and  of  the  new  gene  material  might  sometimes  change  places. 
In  that  case  the  mutations  might  after  all  consist  in  missteps  in  an  actual 
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replication  process.  Light  might  be  thrown  on  these  questions  by  means 
of  tracer  studies.  In  the  meantime,  however,  it  must  at  least  be  admitted 
that  these  mutations  do  change  the  "old  genes,"  in  the  more  Hmited  sense 
of  not  involving  missteps  in  the  formation  of  those  daughter  genes  which 
are  manufactured  for  the  chromosomes  of  daughter  cells. 

Whatever  interpretation  of  the  above  findings  is  preferred,  there  is  one 
established  series  of  results  which  only  by  a  stretching  of  assumptions 
could  be  explained  otherwise  than  by  the  occurrence  of  changes  in  already 
formed  gene  material.  These  are  the  data  showing  that  treatment  of 
mature  Drosophila  spermatozoa  with  ionizing  radiation  gives  rise  to 
mutant  genes  which  are  inherited  by  all  parts  of  the  offspring.  If  the 
mutations  had  been  such  as  to  involve  only  a  change  in  the  building  of  a 
daughter  gene,  then  the  offspring  would  be  a  mosaic,  for  it  would  have 
received  a  mutant  daughter  gene  in  one  of  the  two  nuclei  of  its  ''two-cell 
stage"  and  an  unchanged  mother  gene  in  the  other.  In  the  case  of  some 
"visible"  gene  mutations,  expressed  in  virtually  all  parts  of  the  epi- 
dermis (and  sometimes  in  some  internal  parts  also)  as  a  visible  change  in 
morphology  or  pigmentation,  this  mosaicism  would  be  evident  by  causing 
a  patchwork  appearance  of  the  mutant  characteristic.  Yet  it  has  been 
found  that,  on  the  contrary,  such  gene  mutations  in  the  great  majority  of 
cases  show  their  effects  throughout  all  parts  of  the  body  which  are  capable 
of  expressing  them.  The  further  fact  that,  in  the  spermatozoon  itself, 
the  gene  lies  in  a  dormant  condition,  makes  it  unlikely  that  the  old  gene 
becomes  changed  within  the  spermatozoon  through  a  misstep  in  some 
otherwise  normal  process  of  turnover.  It  is  true  that  a  postponed  turn- 
over, occurring  just  after  fertilization,  might  be  invoked  ad  hoc,  as  an 
improbable  alternative,  to  escape  this  conclusion.  In  that  case,  however, 
there  would  have  to  have  been  an  intermediate  step,  in  preparation  for 
the  mutation,  and  this  step  must  itself  have  persisted  unchanged  through- 
out the  spermatozoon  stage;  the  subsequent  misstep  in  turnover  would 
then  have  to  be  very  precisely  timed,  so  as  to  take  place  before  gene 
reproduction  proper  occurs  in  the  fertilized  egg.  It  is  much  simpler  to 
suppose  that  the  radiation  permanently  changed  the  old  gene,  within  the 
spermatozoon  itself. 

19.  RELATION  BETWEEN  MUTAGENICITY  AND  CARCINOGENICITY 

As  was  indicated  in  Sect.  11,  the  question  whether  mutations  (pre- 
sumably "point  mutations"  of  some  kind)  produced  in  somatic  cells  by 
radiation  form  the  basis  of  the  carcinogenic  effect  of  radiation  constitutes 
a  part  of  the  more  general  problem  of  whether  somatic  mutations,  no 
matter  how  caused,  result  in  malignancies.  A  further  consideration  of 
this  topic  has  been  deferred  to  this  point  because  a  number  of  the  matters 
bearing  upon  it  have  been  presented  in  our  treatment,  in  the  two  preced- 
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ing  sections,  of  conditions  other  than  radiation  which  give  rise  to  point 
(or  gene)  mutations. 

If  the  view  is  held  that  some  mahgnancies  are  caused  by  somatic 
mutations,  it  might  be  expected  that  some  carcinogenic  agents  (all  those 
which  induced  malignancies  by  this  mechanism)  would  also  prove  to  be 
mutagenic.  With  this  in  mind  Auerbach  and  the  present  writer  in 
1939-1940  planned  a  series  of  experiments  to  test  the  mutagenic  effect 
of  methylcholanthrene  and  certain  other  carcinogenic  hydrocarbons  on 
Drosophila.  In  these  experiments,  carried  out  by  Auerbach,  the  carci- 
nogen was  introduced  parenterally.  The  genetic  testing  was  done  on  a 
considerable  scale.  The  results  showed  no  perceptible  increase  in  the 
frequency  of  mutations  inherited  by  the  offspring  of  the  treated  as  com- 
pared with  the  control  individuals.  As  was  pointed  out  by  Auerbach 
(1940),  however,  these  negative  results  do  not  necessarily  indicate  a  dis- 
junction between  carcinogenicity  and  mutagenicity,  even  in  this  case, 
since  it  is  not  known  whether  the  given  compounds  or,  indeed,  any  others 
can  induce  malignancies  in  Drosophila,  or  even  whether  "true"  malig- 
nancies can  occur  in  this  organism,  nor  is  it  known  whether  the  common 
carcinogens  undergo  chemical  reactions  in  insects  which  are  at  all  similar 
to  those  which  they  undergo  in  vertebrates. 

This  stricture  still  applies  to  all  such  work  on  the  mutagenicity,  in 
given  nonvertebrates,  of  agents  that  are  only  known  to  be  carcinogenic  in 
vertebrates.  In  fact,  this  criticism  may  now  be  made  stronger.  The 
previously  cited  experiments  with  formaldehyde,  for  example,  have  given 
direct  evidence  that  the  mutagenicity  of  a  given  agent  may  be  narrowly 
restricted  to  certain  types  of  organisms ;  so  too  have  experiments  showing 
the  mutagenicity  of  certain  substances  in  bacteria  and  not  in  Drosophila. 
It  is  therefore  not  to  be  wondered  at,  or  regarded  as  an  objection  to  the 
somatic  mutation  interpretation  of  cancer,  that,  following  Auerbach's 
first  work  on  the  subject,  all  other  really  critical  tests  of  the  mutagenicity 
of  the  carcinogenic  hydrocarbons  in  nonvertebrate  animals  have  given 
negative  results.  We  disregard  here  certain  apparently  (though  Aveakly) 
positive  results,  which  were  later  shown  to  be  nonreproducible  (Demerec, 
Wallace,  Witkin,  and  Bertani,  1949). 

On  the  other  hand,  a  much  better  test  of  the  somatic  mutation  view 
would  be  the  determination  of  whether  carcinogens  capable  of  inducing 
malignancies  of  varied  kinds  in  vertebrates  are  mutagenic  in  the  verte- 
brates themselves.  Unfortunately,  however,  the  tests  of  this  sort  on 
carcinogenic  hydrocarbons  which  have  so  far  been  reported,  although 
claiming  to  be  positive,  have  not  been  carried  out  with  sufficient  rigor  on 
the  genetic  side  to  give  refiable  results  concerning  mutation  rate.  On 
vertebrate  material,  the  required  work  would  have  to  be  very  large-scale, 
elaborate,    and   expensive,    like,   for   example,   that  done  on  radiation 
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mutagenesis  in  mice  by  P.  Hertwig  (1939)  or  that  by  Russell,  cited  on 
pp.  411  and  432. 

As  for  the  study  of  carcinogenicity  in  nonvertebrates,  it  is  still  beset 
with  too  many  doubts  to  provide  critical  data  in  this  connection.  In 
some  of  the  work  on  Drosophila,  for  example,  the  criterion  used  for  decid- 
ing that  an  agent  is  carcinogenic  has  been  its  action  in  causing  an  increase 
in  the  frequency  of  recognizable  tumors  of  some  special  type  in  a  mutant 
strain  already  having,  even  without  treatment,  a  high  incidence  of 
tumors  of  this  particular  type  (Burdette,  1951).  It  is  uncertain,  in  the 
first  place,  whether  these  tumors  can  be  considered  malignant,  in  the 
sense  in  which  this  term  is  used  when  applied  to  vertebrates.  Secondly, 
the  observed  differences  in  the  frequency  of  detected  tumors  may  have 
been  caused  by  influences  affecting  the  amount  of  their  growth  and 
melanization  rather  than  that  of  their  origination.  Finally,  even  if  the 
agent  did  affect  the  frequency  of  origination  of  the  tumors,  it  might  be 
able  to  exert  this  influence  only  through  some  interaction,  perhaps  con- 
fined to  that  particular  type  of  tissue  in  which  the  given  tumor  arises, 
between  it  and  the  products  of  the  very  special  genetic  agent  possessed 
by  the  mutant  strain  used.  Hence  the  results  of  these  tests,  no  matter 
whether  showing  a  parallelism  or  a  lack  of  parallelism  between  muta- 
genicity and  this  putative  "carcinogenicity"  in  Drosophila,  must  be 
regarded  as  far  from  definitive  in  their  bearing  on  the  somatic  mutation 
interpretation  of  cancer. 

There  is,  fortunately,  a  type  of  test  available  of  the  relation  between 
mutagenicity  and  carcinogenicity  which  is  much  less  subject  to  difficulties 
and  objections  of  the  various  kinds  mentioned.  This  consists  in  the 
determination  of  whether  agents  which  have  given  evidence  of  producing 
point  mutations  in  organisms  in  general  act  also  as  carcinogens,  in  those 
forms  in  which  the  de  novo  origin  of  indubitable  malignancies  can  be 
definitely  recognized.  It  was  the  discovery  of  the  mutagenic  effect  of 
ionizing  radiation,  an  agent  already  known  to  be  carcinogenic,  which  had 
provided  the  first  factual  evidence  in  support  of  the  somatic  mutation 
hypothesis  of  malignancies — a  relation  first  pointed  out  by  the  present 
writer  (1927) — and  the  results  of  other  workers,  showing  that  radiation  is 
mutagenic  in  organisms  in  general,  served  to  make  this  evidence  much 
more  definite.  The  evidence  then  received  a  further  important  extension 
in  the  results  showing  that  ultraviolet  radiation  also  is  a  general  mutagen, 
inasmuch  as  this  agent  likewise  was  known  to  be  carcinogenic  in  verte- 
brates. The  lesser  yet  positive  effect  of  high  temperature,  in  promoting 
the  origination  of  both  mutations  and  cancers,  pointed  in  the  same  direc- 
tion. But  it  is  obviously  a  requirement  of  the  somatic  mutation  view  of 
malignancies  (even  though  it  be  admitted,  as  it  must  be,  that  only  some 
malignancies  are  of  such  origin)   that  all  agents  which  produce  point 
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mutations  in  organisms  in  general  should  in  addition  prove  to  be  carcino- 
genic in  vertebrates.  Thus  the  recent  finding  of  chemical  mutagens  has 
furnished  an  unexampled  opportunity  for  the  further  testing  out  of  the 
hypothesis  along  these  lines. 

For  a  long  time  it  had  been  thought  that  chemicals  of  the  mustard 
group  were  not  carcinogenic.  However,  more  adequate  tests,  recently 
carried  out  at  the  Chester  Beatty  Research  Institute  in  England  (Bird, 
1949,  1950;  Boyland  and  Horning,  1949),  at  the  U.  S.  Institutes  of  Health 
(Heston,  1949,  1950)  and  at  Stanford  University  (Griffen,  Brandt,  and 
Tatum,  1950)  have  now  left  no  doubt  of  the  efficacy  of  nitrogen  mustards 
and  of  other  mutagenic  mustards  in  inducing  malignancies  of  varied 
kinds.  Moreover,  as  for  urethane,  it  has  long  been  known  that  this  sub- 
stance is  carcinogenic.  This  striking  series  of  correspondences  can  hardly 
be  dismissed  as  mere  coincidence,  and  therefore  serves  greatly  to 
strengthen,  if  not  actually  to  clinch,  the  argument  for  the  mutational 
interpretation.^  Fortunately,  however,  for  the  removal  or  confirmation 
of  residual  doubts,  the  way  is  still  open  for  the  ready  extension  of  this 
line  of  investigation  by  the  testing  of  the  carcinogenicity  of  other  sub- 
stances for  which  evidence  of  a  generalized  mutagenicity  is  obtained. 
Moreover,  it  still  remains  to  be  determined  whether  conditions  which, 
when  acting  along  with  mutagens,  under  all  circumstances  increase  or 
decrease  the  efficacy  of  the  latter  in  mutagenesis,  have  a  corresponding 
influence  on  their  carcinogenic  potency  also. 

On  returning  to  the  original  question  of  whether  the  effect  of  radiation 
in  producing  gene  mutations  forms  the  basis  of  its  effect  in  producing 
malignancies,  it  will  be  seen  that  a  comparative  survey  of  the  results  not 
only  with  radiation  of  different  types  but  also  with  other  agents  now 
makes  this  view- — better,  in  the  light  of  these  results,  to  be  termed  a 
theory — highly  probable. 


20.  MANNER  OF  ACCUMULATION,  EXPRESSION, 
AND  ELIMINATION  OF  MUTATIONS 

Gross   structural   changes   of   chromosomes   involving   translocations 

or  gross  inversions  usually  result   (as  pointed  out  in  Sects.  5-6)  in  a 

^  At  the  same  time,  the  above  conclusion  in  no  way  casts  doubt  upon  the  fact,  long 
since  demonstrated,  that  some  maHgnancies  are  caused  not  by  gene  mutation  but 
by  the  influence  of  parasitic  microorganisms  or  viruses,  some  of  which  may  under  other 
circumstances  or  when  possessed  of  a  somewhat  different  genetic  composition  be  non- 
maUgnant  or  even  symbiotic.  It  is  in  addition  possible,  although  at  present  in  the 
realm  of  speculation,  that  in  some  cases  changes  in  plasmagenes,  or  in  autocatalytically 
replenished  substances  originating  in  the  organism  itself  [like  the  antigens  studied  by 
Sonneborn  (1948,  1950)  in  Paramecium],  iorm  the  basis  of  malignancies.  The  chromo- 
somal genes  of  the  organism  itself,  however,  by  virtue  of  their  number,  variety,  and 
stability  in  transmission  through  cell  division,  afford  the  greatest  amount  of  diversity, 
range  of  effect,  and  material  for  the  accomplishment  of  such  changes. 
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certain  proportion  of  the  offspring  of  individuals  heterozygous  for  them 
receiving  aneuploid  chromosome  combinations  which  kill  off  these  off- 
spring in  embryonic  stages,  and  this  lowered  productivity  reduces,  from 
generation  to  generation,  the  relative  number  of  individuals  carrying  such 
aberrations,  until  those  aberrations  which  arose  in  any  given  generation 
have  finally  become  eliminated  from  the  population.  Although  in 
primates  and  especially  in  civilized  man  this  elimination  is,  as  previously 
explained,  much  slower  than  in  most  organisms,  it  is  even  in  them  prob- 
ably more  rapid,  especially  for  translocations,  which  constitute  the  great 
majority  of  these  aberrations,  than  the  rate  of  elimination  (discussed  in 
the  following  pages)  of  most  mutant  genes.  At  the  same  time,  in  mam- 
mals the  heterozygous  carriers  of  the  translocations  and  inversions  prob- 
ably do  not  suffer  from  any  somatic  ill  effects  caused  by  their  aberrations, 
since  in  mammals,  as  in  most  organisms  studied,  chromosome  changes  are 
not  likely  to  be  associated  with  position  effects  at  all,  much  less  with 
dominant  position  effects. 

Elimination  of  the  above  type,  occurring  only  through  death  of 
embryos,  constitutes  less  of  a  burden  on  any  population  than  when,  as  in 
the  case  of  most  mutant  genes,  the  elimination  occurs  in  the  later  stages 
of  the  abnormal  individuals.  For  the  older  abnormals  prior  to  their 
elimination  engage  in  a  competition  with  the  normals  which  is  more 
detrimental  to  the  latter.  Moreover,  from  a  human  viewpoint,  the 
ehmination  of  embryos  is  also  less  objectionable  than  that  of  older  indi- 
viduals because  of  the  fact  that  in  such  cases  the  abnormals  die  before 
they  themselves  have  had  a  chance  to  suffer  consciously  from  the  effects 
of  their  abnormality. 

Gene  mutations  are  not  only  individually  more  damaging  and  objec- 
tionable than  gross  chromosome  aberrations,  for  the  reasons  given,  but 
they  are  also  far  more  frequent  and  more  diverse  in  their  phenotypic 
expressions,  both  when  they  occur  spontaneously  and  when  they  are 
produced  by  irradiation — except  in  the  special  case  of  irradiation  of 
mature  spermatozoa,  when  chromosome  aberrations  arise  with  a  fre- 
quency comparable  to  theirs.  It  is  therefore  appropriate  to  consider 
in  some  detail  the  manner  in  which  the  resulting  mutant  genes  affect  the 
individuals  inheriting  them  and  the  population  in  general  throughout  the 
course  of  any  number  of  generations. 

There  are  usually  many  circumstances,  both  nongenetic  and  genetic, 
besides  the  possession  of  some  given  mutant  gene  which  decide  how  many 
offspring  an  individual  produces,  and  each  offspring  has  only  a  50  per 
cent  chance  of  receiving  from  its  parent  any  mutant  gene  for  which  the 
latter  is  heterozygous.  Since  this  remains  true  generation  after  genera- 
tion, a  given  mutant  may  in  the  course  of  time  become  more  or  less  multi- 
phed  in  the  population  or  may  become  eliminated  from  it,  quite  apart 
from  any  detriment  or  benefit  conferred  by  the  gene.     However,  those 
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respective  chances  of  multiplication  and  elimination  which  are  independ- 
ent of  the  effects  of  the  gene  in  question  are  equal  in  amount,  and  so  they 
tend  to  compensate  each  other  exactly  in  the  long  run,  when  the  results 
for  many  mutant  genes,  present  in  a  large  population  of  stable  size,  are 
added  together.  Thus,  for  a  large  group  of  hypothetical  mutant  genes 
which  conferred  neither  detriment  nor  benefit  on  their  possessors,  their 
collective  frequency  in  the  population  after  any  given  number  of  genera- 
tions would  still  be  approximately  equal  (subject  to  some  statistical 
deviation)  to  their  frequency  in  the  first  generation  considered  (e.g.,  in 
the  generation  in  which  they  originated) ,  even  though  some  of  the  genes 
had  become  multiplied  and  others,  in  compensating  number,  had  become 
eliminated.  That  is,  each  individual  mutant  gene  present  in  the  begin- 
ning generation  would  on  the  average  be  represented  by  just  one  descend- 
ant gene  in  the  nth  generation. 

However,  for  the  vast  majority  of  mutant  genes,  those  which  confer 
some  disadvantage,  even  though  slight,  and  also  for  the  very  rare  ones 
which  confer  an  advantage,  the  situation  is  modified  by  their  somatic 
effect.  Considering  a  large  group  of  mutant  genes,  all  of  which  give  rise 
to  one  or  another  impairment  of  such  magnitude  as  to  reduce  the  average 
chance  of  reproduction  of  an  individual  containing  such  a  gene  by  a 
given  amount,  i,  which  we  may,  for  example,  imagine  to  be  10  per  cent, 
it  is  evident  that  after  one  generation  of  breeding  these  genes  will  have  a 
frequency  of  approximately  1  —  i  in  the  population,  after  two  generations 
one  of  (1  -  ^■)^  and  after  n  generations  one  of  (1  -  i)".  By  summation 
of  these  frequencies  over  an  unlimited  number  of  generations  it  is  readily 
shown  that  each  such  gene  is  transmitted,  on  the  average,  to  a  total  of 
1/i  individuals.  Thus,  for  genes  whose  i  =  10  per  cent,  giving  1  chance 
in  10  of  elimination  in  each  individual,  the  total  number  of  individuals 
which  in  the  course  of  successive  generations  come  to  inherit  a  descendant 
of  this  mutant  gene  before  it  is  eliminated  from  the  population  is  on  the 
average  1/0.1,  or  10.  The  value  1/i  is  designated  as  the  persistence,  p, 
i.e.,  l/i  =  p,  and  in  our  example  p  =  10. 

These  considerations  show  that  each  mutant  gene  that  exerts  a  dis- 
advantageous over-all  effect,  no  matter  how  small,  is  eventually  elimi- 
nated, i.e.,  it  leads  to  a  "genetic  death"  by  prematurely  kilUng  off  or 
preventing  the  reproduction  of,  on  the  average,  one  descendant  contain- 
ing it.*^  Moreover,  the  number  of  descendants  that  contain  and  are 
hampered  by  a  given  mutant  gene  is  on  the  average  exactly  the  reciprocal 

6  The  death  is  to  be  considered  as  only  a  "half  death"  and  the  total  load  as  only  a 
half  of  one  unit  of  load  for  genes  which  are  so  recessive  that  their  elimination  occurs  in 
individuals  homozygous  for  them,  since  in  this  case  the  cooperation  of  the  gene  from 
the  other  parent  is  required  for  the  effect.  As  pointed  out  in  the  text,  however,  it  is 
probable  that  the  great  majority  of  mutant  genes,  even  when  seemingly  of  a  recessive 
type,  have  enough  dominance  to  be  eliminated  in  heterozygous  individuals,  and  there- 
fore give  rise  to  one  death,  and  one  unit  of  load. 
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of  the  amount  of  detriment  it  produces,  as  measured  by  the  average  risk 
of  genetic  death  which  it  gives  rise  to  in  individuals  carrying  it.  For  this 
reason  the  total  "load"  or  disability  imparted  to  the  population,  in  the 
course  of  a  succession  of  generations,  is  in  the  end  as  much  for  a  mutant 
gene  which  has  a  slightly  detrimental  effect  as  for  one  which  has  a  highly 
detrimental  or  fully  lethal  action  on  the  individuals  possessing  it.  The 
average  amount  of  this  total  load  may  be  said  to  add  up  to  unity,  i.e., 
the  complete  disability  of  one  individual,  for  each  detrimental  mutant 
gene  which  is  received  by  one  offspring  of  the  first  generation  after  its 
origination.^  This  unit  total  load  is  in  the  case  of  slightly  detrimental 
genes  distributed  in  smaller  fractions  per  individual  but  over  correspond- 
ingly more  individuals,  than  it  is  in  the  case  of  more  markedly  detrimental 
genes. 

In  the  above  treatment  no  consideration  was  given  to  whether  the 
mutant  gene  was  dominant  or  recessive ;  hence  the  value  for  impairment, 
i,  as  used,  had  to  be  taken  as  an  average  for  the  effect  in  all  individuals 
having  the  gene,  including  both  those  heterozygous  and  those  homozygous 
for  it.  The  value  was  therefore  in  part  dependent  on  the  numbers  of 
these  types  relative  to  each  other.  Actually,  however,  it  is  usually  the 
amount  of  impairment  in  the  heterozygote  which  plays  the  decisive  role. 
It  can  be  shown  that  most  mutant  genes  very  seldom  become  homozygous, 
since  they  exert  enough  detrimental  effect  (even  though  this  is  very 
slight)  when  heterozygous  to  become  eliminated  before  they  have  a 
chance  to  exist  in  homozygous  condition.  In  this  sense  they  are  said  to 
be  effectively  dominant  (MuUer,  1950b). 

In  Drosophila,  genes  that  are  lethal  or  nearly  lethal  in  homozygotes 
commonly  produce  an  impairment  of  some  2  to  7  per  cent,  or  roughly 
3.^5,  in  heterozygotes  (Stern  et  al,  1948,  1951,  1952;  MuUer,  1950b,  c). 
Thus  for  the  lethals  in  heterozygotes  p  —  25;  i.e.,  each  such  gene  tends 
to  pass  down  through  some  25  individuals,  on  the  average,  before  being 
eliminated.  As  the  frequency,  among  the  germ  cells  of  the  general 
population,  of  already  existing  lethals  occupying  any  given  locus  is 
usually  far  less  than  1  in  25  (as  will  be  shown  in  what  follows),  the 
chance  is  small  that  before  its  elimination  any  given  lethal  will  meet 
another  of  the  same  kind  at  fertilization  and  thereby  become  homozygous. 
Much  the  greater  part  of  the  damage  done  by  such  genes  in  the  popula- 
tion is  therefore  made  up  of  the  collective  impairment  exerted  by  them 
in  heterozygotes.  There  is  reason  to  infer  that  those  mutant  genes, 
much  more  numerous  than  lethals,  which  are  less  detrimental  than 
lethals  to  individuals  homozygous  for  them,  have  in  general  relatively 
more  expression  in  heterozygotes,  as  compared  with  that  in  homozygotes, 
i.e.,  that  they  have  a  greater  tendency  toward  dominance  than  the  lethals. 
Moreover,  this  tendency  is  probably  more  marked  in  man  than  in  Dro- 

^See  opposite  page  for  footnote. 
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sophila.  Hence  for  detrimental  mutant  genes  also  it  usually  turns  out 
that  their  effect  in  heterozygotes  is  the  important  factor  in  determining 
the  damage  they  do  in  individuals,  and  the  amount  of  their  persistence 
in  the  population.  For  these  reasons  we  may  usually,  for  practical  pur- 
poses, simplify  our  calculation  by  using  for  the  value  of  i  the  amount  of 
impairment  in  heterozygotes  alone,  and  by  taking  p  as  the  reciprocal  of 
this  value  of  i. 

Individual  mutant  genes  that  have  been  produced  by  irradiation  of 
individuals  of  a  given  generation  are  very  seldom  to  be  detected  by 
means  of  recognizable  effects  in  the  offspring,  or  indeed  in  any  later  gen- 
eration descendants,  in  any  mixed  population  like  a  human  one,  which 
undergoes  relatively  little  inbreeding.  This  is  because  of  a  combination 
of  reasons.  First  is  the  rarity  with  which  the  mutant  genes  become 
homozygous  and  thereby  more  marked  in  their  effects;  in  fact,  those 
whose  effects  when  homozygous  would  be  especially  marked  and  recog- 
nizable are  the  very  ones  which  tend  to  be  eliminated  sooner  as  hetero- 
zygotes and  therefore  to  occur  least  often  as  homozygotes.  Second  is  the 
fact  that,  even  as  homozygotes,  most  mutant  genes  have  effects  that  are 
not  readily  detected.  Third,  their  effects  in  the  heterozygous  state,  that 
in  which  they  usually  exist,  are  much  weaker  and  less  recognizable  still, 
commonly  involving,  as  far  as  the  ordinary  observer  is  concerned,  only  a 
small  quantitative  difference  from  the  phenotype  that  would  otherwise  be 
present.  Fourth,  these  slight  effects  are  superimposed  upon  the  innumer- 
able variations  which  would  be  present  anyhow  in  any  such  population. 
These  other  variations  are  caused  both  by  the  segregation  and  recombina- 
tion of  the  many  mutant  genes  accumulated  from  scores  of  past  genera- 
tions during  which  spontaneous  mutations  have  been  occurring,  and  also 
by  the  operation  of  environmental  factors,  such  as  disease,  nutritional 
differences,  mode  of  life,  etc.  For  these  reasons  it  is  doubtful  whether  it 
would  be  practicable,  even  by  the  large-scale  study  of  such  populations, 
to  demonstrate  that  mutations  had  been  induced  in  them,  even  if  these 
mutations  had  been  relatively  abundant  and,  in  their  collective  effect 
over  the  course  of  many  generations,  highly  damaging. 

It  is  sometimes  assumed  that  a  "unit"  genetic  load  which  is  dis- 
tributed in  very  small  fractions  among  very  many  individuals  may  be 
regarded  as  of  negligible  consequence,  in  comparison,  for  example,  with  a 
single  case  of  major  affliction  leading  to  premature  death.  However,  this 
idea  is  an  erroneous  one.  It  is  true  that  the  amount  of- actual  damage 
done  to  life  or  reproduction  in  cases  of  genetic  impairment  is  often  subject 
to  a  high  statistical  variation,  so  that  in  cases  of  slight  impairment  the 
damage  is  for  some  individuals  nil,  but  such  cases  are  compensated  for  by 
others  in  which  the  individual  incurs  more  damage  than  that  calculated, 
so  that  the  average  amount  of  damage  is  maintained.  The  reality  of  the 
small  effects  may  be  better  realized  when  the  fact  is  considered  that  prac- 
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tically  all  individuals  in  any  population  are  having  their  ability  to  live 
and  reproduce  reduced  considerably  below  that  of  hypothetical  indi- 
viduals homozygous  for  normal  genes  exclusively,  and  that  the  greater 
part  of  this  reduction  is  usually  caused  by  the  collective  action  of  multiple, 
individually  minute,  fractional  "loads,"  most  of  them  occasioned  by 
heterozygous  mutant  genes.  Yet  even  the  relatively  small  part  of  the 
total  load  on  an  individual  which  is  caused  by  homozygous  genes  (again 
usually  minute  and  unrecognizable  in  their  individual  action,  even 
though  homozygous)  is  often  quite  sizeable.  This  is  shown  by  the 
marked  increase  in  size,  vigor,  fertility,  and  general  viability  (including 
even,  as  shown  in  unpublished  work  of  Russell's  on  mice,  resistance  to 
the  lethal  effects  of  radiation),  which  often  results  from  crossing  widely 
different  strains — a  phenomenon  known  as  heterosis  and  utilized  exten- 
sively in  the  production  of  hybrid  corn,  poultry,  swine,  etc.  If,  then, 
the  mutant  genes  could  have  been  removed  even  in  their  heterozygous 
state  and  replaced  by  normal  ones,  the  results  would  have  been  far  more 
remarkable,  in  view  of  the  fact  that  much  the  greater  part  of  the  load  is 
usually  in  this  form.  Since  now  these  very  large  differences  are  mainly 
due  to  the  cumulative  action  of  numerous  mutant  gene  effects,  each  of 
which  is  so  tiny  that  it  cannot  be  detected  individually,  it  follows  that 
the  individual  effects  are  real,  significant,  and  cumulative. 

It  is  of  interest  to  estimate  the  total  collective  magnitude  of  these  efTects 
per  individual  in  an  ordinary  population,  and  the  risk  of  genetic  extinc- 
tion therewith  entailed,  and  then  to  compare  these  figures  with  those,  to 
be  superposed  upon  them,  which  represent  the  genetic  effects  produced  by 
a  given  amount  of  radiation.  The  theoretical  calculation  is  basically  a 
simple  one.  It  has  been  noted  in  the  foregoing  that  each  mutant  gene 
which  passes  into  the  population,  no  matter  how  slight  its  detrimental 
effect  on  an  individual  possessing  it,  is  finally  eliminated  by  reason  of 
that  detrimental  effect,  usually  in  a  heterozygous  individual.  ■  In  con- 
sequence of  this,  there  must  in  the  long  run  be  about  as  many  genetic 
deaths  per  generation  in  a  population  as  there  are  mutations  arising  in  it, 
i.e.,  2jLi  (if  )u  represents  the  mutation  frequency  in  the  germ  cells),  minus  the 
frequency  of  excess  mutant  genes  contained  in  cases  of  what  may  be 
termed  "overlapping"  genetic  deaths,  explained  in  the  next  paragraph. 
The  factor  2  here  arises  from  the  fact  that  a  heterozygous  individual 
(homozygotes  being  here  considered  to  be  of  negligible  frequency)  can  be 
affected  by  a  mutant  gene  received  from  either  one  of  the  two  germ  cells 
from  which  that  individual  originated.  Moreover,  looking  at  the  matter 
conversely,  the  genetic  death  of  the  heterozygote,  since  he  comprises 
two  genomes  (sets  of  genes),  one  of  which  has  the  normal  allele,  reduces 
the  per-genome  and  therefore  the  per-germ-cell  frecjuency  of  the  mutant 
gene  by  only  half  as  much  as  it  reduces  the  frequency  of  individuals  bear- 
ing the  mutant  gene;  hence,  in  order  to  effect  sufficient  gene  elimination 
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through  heterozygotes  to  compensate  for  the  mutations  arising,  twice  as 
high  a  frequency  of  them  must  be  eUminated  as  the  frequency  n  that 
would  be  necessary  if  the  ehmination  could  be  carried  out  in  the  germ 
cell  stage. 

The  term  "overlapping"  as  applied  to  genetic  deaths  refers  to  two 
types  of  cases.  In  the  first,  which  may  be  called  the  cases  of  "independ- 
ent overlapping,"  an  individual  who  meets  genetic  extinction  through  the 
effect  of  a  given  gene  would  have  met  extinction  anyway  through  the 
effect  of  one  or  more  other  independently  acting  genes  which  he  also 
happened  to  carry,  so  that  the  one  death  accomplished  more  than  one 
effective  gene-elimination.  In  the  second,  which  may  be  called  the  cases 
of  "dependent  overlapping,"  the  individual's  genetic  survival  is  prevented 
by  a  synergistic  (i.e.,  more  than  factorially  cumulative)  action  of  two  or 
more  mutant  genes,  which  thereby  exercise  a  kind  of  economy  in  causing 
extinctions.  The  frequency  of  independent  overlapping  can  readily  be 
calculated  from  the  mutation  frequency  and  turns  out  to  be  relatively 
unimportant  unless  /x  exceeds  0.1.  Where,  however,  (as  might  be  the 
case  in  man)  /i  is  as  high  as  0.5,  independent  overlapping  would  reduce 
the  frequency  of  genetic  deaths  of  individuals  from  1.0  (=  2fx)  to  about 
0.63.  Dependent  overlapping  seems  hitherto  to  have  been  ignored  in 
calculations  of  elimination  rate.  Although  probably  important,  its 
amount  of  influence  cannot  at  present,  in  the  absence  of  empirical  data 
on  the  subject,  be  estimated.  It  seems  very  unlikely,  however,  from 
calculations  based  on  plausible  assumptions  as  to  the  frequencies  of 
genes  having  various  grades  and  multiplicities  of  synergistic  interaction, 
that  it  would  reduce  the  elimination  rate  of  individuals  by  a  factor  of 
more  than  2  or  3,  and  there  is  more  latitude  than  this  anyway  in  present 
estimates  of  the  human  spontaneous  mutation  rate.  For  the  present, 
then,  the  extent  of  this  influence  will  have  to  be  left  doubtful.'^ 

There  are  reasons  to  conclude  (Muller,  1950b)  that  0.1  (i.e.,  1  germ 
cell  in  10)  represents  a  low  minimum  for  the  per-generation  frequency  of 
new  spontaneous  mutations  among  human  germ  cells;  0.2  or  even  0.4 
appear  much  more  probable  figures,  and  some  competent  students  of  the 
subject  believe  the  rate  to  be  considerably  higher  yet.  Taking  0.3  as  a 
probable  value  not  on  the  excessive  side,  2ju  becomes  0.6,  and,  if  the 
seemingly  high  allowance  of  a  factor  of  3  is  made  for  overlapping,  of  both 
the  types  just  discussed,  we  obtain  0.2,  or  an  average  of  one  person  in 
every  five,  as  the  frequency,  probably  minimal,  of  individuals  being 
genetically  eliminated.  This  would  apply  in  a  human  population  that 
was  maintaining  a  constant  frequency  of  mutant  genes. 

The  condition  of  constant  or  equilibrium  frequency  of  mutant  genes  can 

^  The  possible  importance  of  what  we  have  termed  "dependent  overlapping"  was 
recently  pointed  out  by  Neel  and  Falls  (1951),  and  also  in  a  personal  communication 
received  from  Altenburg. 
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of  course  be  violated  for  a  time,  but  it  cannot  be  \dolated  indefinitely,  in 
the  direction  of  increase,  without  finally  causing  extinction  of  the  popula- 
tion. When,  for  example,  individuals  who  would  otherwise  have  been 
eliminated  are  saved  for  reproduction  by  medical  and  other  artificial  aids, 
the  elimination  rate  temporarily  falls  below  that  of  origination  of  new 
mutant  genes,  so  that  the  frequency  of  mutant  genes  in  the  population  is 
gradually  raised.  This  increase  continues  until  individuals  become 
heavily  enough  afflicted  to  undergo  genetic  elimination,  despite  the 
artificial  aids,  at  a  rate  which  is  again  equivalent  to  the  old  rate  of  2^, 
modified  by  the  overlapping,  at  which  they  are  still  receiving  new 
mutant  genes.  Hence  0.2  or  some  related  value,  most  likely  higher, 
remains  the  figure  representing  the  necessary  long-term  genetic  elimina- 
tion rate  in  man  as  long  as  the  mutation  rate  remains  w^hat  it  now  is. 

The  figure  for  elimination  rate  represents  also  the  average  amount  of 
genetic  disability  suffered  in  the  long  run  by  the  individuals  of  the 
population.  That  is,  utilizing  the  above  figure,  the  individuals  must  on 
the  average  have  an  amount  of  disability  commensurate  with  this  one 
chance  in  five  of  genetic  extinction.  The  figure  0.2  does  not  mean  that 
one  indi\'idual  in  five  carries  some  one  gene  which  regularly  causes  death 
or  failure  to  reproduce.  For  it  was  shown  above  that  the  great  majority 
of  the  genes  which  arise  by  mutation  give,  individually,  only  a  small 
chance  of  extinction  but  have  a  correspondingly  high  persistence,  thereby 
becoming  distributed  among  many  individuals.  Thus  each  individual 
comes  to  have  many  of  these  genes,  enough  to  make  the  average  indi- 
vidual's chance  of  extinction,  caused  by  all  his  mutant  genes  collectively, 
one  in  five.  The  average  frequency  of  the  mutant  genes  per  individual 
of  the  population  must  (ignoring  the  occurrence  of  homozygotes)  be 
2/i  times  the  average  persistence  p  of  these  genes.  Although  we  are  far 
from  knowing  the  value  of  p,  it  is  almost  certainly  several  score  and  more 
likely  at  least  100.  That  is,  each  mutant  gene  is  probably  distributed  to 
at  least  100  individuals,  on  the  average,  before  it  dies  out.  With  fx  taken 
as  0.3  this  would  cause  each  individual  to  carry,  on  the  average,  at  least 
60  deleterious  heterozygous  genes,  usually  of  individually  small  effect.* 

In  view  of  the  fact  that  the  distribution  of  the  mutant  genes  with 
respect  to  each  other  is  on  the  whole  a  random  one,  the  number  of  genes  in 
different  individuals  would  tend  to  follow  a  Poisson  (random)  distribution. 
Thus,  with  an  average  value  of  60  per  individual,  the  numbers  in  different 
individuals  would  not  range  very  widely  about  this,  having  a  standard 

*  It  is  true  that  the  comparatively  low  figure  of  8  was  presented  by  the  writer  in  an 
earlier  paper  (Aluller,  1950b),  but,  as  was  there  pointed  out,  this  represented  an 
attempt  to  find  a  "rock-bottom"  minimum  value,  based  on  assumptions  that  were 
almost  certainly  too  cautious.  The  above  figure  of  60,  on  the  other  hand,  results 
from  an  attempt  to  find  a  value  based  on  assumptions  regarding  mutation  rate  and 
gene  action  which  seem  more  probable. 
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deviation  of  not  quite  ±  8.  It  thus  becomes  evident  that  the  individuals, 
although  varying  from  one  another  somewhat,  tend  to  suffer  from  com- 
parable total  loads,  there  being,  in  most  cases,  no  very  large  distinction 
between  the  person  whose  disability  happens  to  lead  to  elimination  and 
the  one  who  escapes  it.  The  genetic  extinction,  then,  is  seldom  caused 
by  some  unusual  all-or-none  condition  or  process,  but  rather  by  a  kind 
of  generalized  inadequacy,  shared  to  a  considerable  degree  even  by  the 
individuals  who  escape  extinction.  There  must,  to  be  sure,  be  certain 
features — forming  a  pattern  of  defect — which  are  more  marked  in  one 
case,  and  others  in  another,  but  only  in  relatively  rare  cases  will  a  single 
feature  or  syndrome  greatly  predominate  in  providing  the  risk  of  extinc- 
tion. This  situation  shows  that  the  figure  for  elimination  rate,  no  matter 
whether  its  true  value  is  more  or  less  than  0.2,  does  not  usually  represent 
some  major  peril  which  strikes  in  occasional  spots,  but  rather,  for  most 
individuals  of  the  population,  including  those  who  survive  genetically,  a 
more  or  less  generalized,  continuing  handicap,  inasmuch  as  it  is  com- 
pounded of  so  many  small  moieties  acting  in  different  yet  cumulative 
ways.  It  is  in  this  sense  legitimate  to  regard  this  figure  as  representing  a 
a  true  "average  disability,"  borne  in  large  measure  by  the  great  majority 
of  individuals.  It  is  a  handicap  of  the  given  amount,  however,  only  by 
comparison  with  the  potential  performance  of  hypothetical  individuals 
free  of  mutant  genes. 

21.  MANNER  OF  INCIDENCE  OF  RADIATION  DAMAGE 
IN  SUBSEQUENT  GENERATIONS 

How  is  the  above  picture  altered  when  additional  mutations  are  pro- 
duced by  exposure  to  radiation?  Suppose  that  an  entire  population  had 
been  exposed  for  one  generation  to  a  dose  which  in  the  gonads  averaged 
20  r,  and  that,  as  Russell's  preliminary  data  on  mice  indicate,  this  caused 
mutations  at  a  frequency  of  about  one-cjuarter  of  that  occurring  spon- 
taneously in  man.  Taking  the  spontaneous  /x  as  0.3  would  make  an 
induced  frequency  of  0.075.  If  the  0.3  spontaneous  mutations  of  each 
generation  give  rise  to  an  elimination  of  individuals  represented  by  the 
figure  0.2,  as  explained  above,  the  additional  0.075  induced  mutations 
would  give  rise  to  an  approximately  proportionate  elimination  of  about 
0.05.  That  is,  if  the  given  population  comprised  100,000  individuals  per 
generation,  a  total  of  about  5000  would  eventually  suffer  genetic  death 
by  reason  of  the  mutations  induced  in  that  one  generation,  in  addition 
to  20,000  who  would  suffer  genetic  death  anyway  by  reason  of  the  spon- 
taneous mutations  that  had  occurred  in  the  same  generation.  These 
5000  induced  eliminations,  however,  hke  the  20,000  "natural"  ones  due 
to  the  spontaneous  mutations  of  that  particular  generation,  would  be 
scattered  out  over  scores  and  even  hundreds  of  generations  of  descend- 
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ants,  with  perhaps  not  more  than  50  of  the  5000  induced  genetic  deaths 
occurring  in  any  single  generation.  Since  the  natural  genetically  caused 
elimination  rate  of  the  population  in  the  equilibrium  state  is  20,000  per 
generation  (a  collective  figure  involving  the  elimination  of  some  genes 
derived  from  mutations  in  each  of  scores  or  hundreds  of  past  generations), 
the  addition  to  it  of  this  50  or  fewer  genetic  deaths  would  probably  be 
imperceptible.  So  too  would  the  added  disabilities,  which  would,  on  the 
average,  increase  very  slightly  (by  but  a  few  per  cent)  the  "load"  carried 
by  5000  X  p  or  (substituting  100  for  p)  500,000  persons,  scattered  over 
many  centuries.  That  is,  the  damage  would  be  entirely  real,  and  of 
great  over-all  magnitude,  yet  not  to  be  detected  because  so  exceedingly 
dispersed. 

If,  however,  the  20  r  exposure  was  continued  generation  after  genera- 
tion, the  effect  of  the  added  mutations  would  eventually  become  important 
for  each  generation.  A  new  equilibrium  rate  of  elimination  would  finally 
be  reached,  some  25  per  cent  higher  than  the  original  one,  to  match  the  con- 
stantly higher  mutation  rate.  At  the  new  rate  25,000  persons  would  be 
genetically  eliminated  in  each  generation  instead  of  20,000,  a  quite  notice- 
able increase.  At  the  same  time  the  average  amount  of  disaljility  per 
person  would  also  have  grown  so  that,  if  before  it  could  be  represented 
by  the  figure  20  per  cent,  it  would  now  have  risen  to  25  per  cent. 

It  is  not  known  how  much  permanent  increase  in  mutation  rate  any 
given  species  is  capable  of  enduring  without  decreasing  in  numbers  and 
finally  dying  out,  but  each  species  has  its  own  limit,  determined  by  the 
magnitude  of  its  original  mutation  rate  and  the  rapidity  with  which  it 
can  replace  lost  numbers  by  selective  multiplication.  There  are  grounds 
for  inferring  that  man,  by  reason  of  the  high  spontaneous  mutation  rate 
that  he  already  has,  coupled  with  his  slow  natural  rate  of  multiplication, 
particularly  under  conditions  of  modern  civilization  where  the  birth  rate 
is  artificially  reduced  and  genetic  deaths  interfered  with,  may  already  be 
near  if  not  beyond  that  limit,  which  may  be  called  the  critical  mutation 
rate.  Much  research  is  required  before  the  facts  relevant  to  a  decision 
of  this  question  can  be  determined  with  sufficient  exactness.  If  it  is  true 
that  the  Umit  has  been  closely  approached,  then  even  such  an  increase  of 
mutation  rate  as  the  25  per  cent  above  postulated  might  transgress  it, 
and  could  not  be  tolerated  indefinitely. 

It  might  be  thought  that  since  the  genetic  damage  of  radiation  becomes 
so  \videly  dispersed,  without  greatly  affecting  the  immediate  descendants 
of  an  exposed  individual,  consideration  should  be  given  only  to  the  total 
amount  of  exposure  of  the  population  as  a  whole,  and  perhaps  only  to  the 
total  incurred  over  the  course  of  many  generations,  so  as  to  keep  this 
total  within  limits  that  are  not  dangerous  to  mankind  as  a  w^hole.  This 
limiting  "permissible  total  dose,"  whatever  it  is  taken  to  be,  when  divided 
by  the  total  estimated  population  of  all  the  parental  generations  in  ques- 
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tion  taken  together,  would  become  converted  into  a  "permissible  average 
dose."  Individuals  might  then  be  allowed,  as  far  as  genetic  considera- 
tions were  concerned,  to  receive  more  than  this  permissible  average,  pro- 
vided so  many  others  received  less  that  the  average  amount  received  by 
all  did  not  rise  above  that  held  to  be  permissible.  It  is  certainly  of  major 
importance,  from  the  viewpoint  of  humanity  in  general,  to  draw  some 
such  over-all  line.  It  should  be  based  on  such  considerations  as  the 
critical  mutation  rate  or  the  amount  of  genetic  load  to  be  regarded  as 
tolerable.  On  the  other  hand,  every  increment  in  the  genetic  load  must 
be  regarded  as  in  itself  objectionable,  and  to  be  avoided  if  possible,  even 
if  it  does  not  threaten  to  wipe  out  mankind  as  a  whole,  and  even  if  it  is 
distributed  in  such  a  way  that  it  cannot  be  recognized  as  such. 

It  is  in  addition  desirable  to  realize  how  much  damage  to  descendants 
the  exposure  of  any  one  given  individual  may  give  rise  to,  in  order  that 
it  may  be  decided  whether  the  benefit  or  chance  of  benefit  to  be  derived 
from  one  or  more  proposed  exposures  of  this  individual  is  enough  greater 
than  that  to  be  derived  from  alternative  procedures  to  justify  taking  the 
risk  of  damage  in  the  given  case.  In  order  to  assess  this  probable  damage, 
it  is  necessary  to  have  an  estimate  of  the  chance  of  the  production  of 
mutations,  and  of  their  inheritance  by  one  or  more  offspring.  To  set 
against  this  the  probable  benefit  also  should  be  assessed. 

An  example  will  be  used  to  illustrate  the  theory  to  be  followed  in  such 
a  case.  Let  us  assume,  as  was  done  in  the  foregoing,  that  a  dose  of  80  r 
received  by  the  immature  germ  cells  of  human  gonads  gives  a  0.3,  or  1 
in  3 3^,  risk  of  inducing  a  detrimental  mutation  in  any  of  these  germ 
cells.  Suppose  now  that  the  question  has  been  raised  whether  a  given 
young  woman  who  has  hitherto  been  unable  to  ovulate  successfully  should 
have  her  ovaries  treated  with  a  dose  of  some  275  r  of  X  rays,  as  is  some- 
times done  in  such  cases,  in  the  hope  of  enabling  her  to  fulfill  her  strong 
desire  to  have  children.  It  will  be  seen  that  this  dose,  being  approxi- 
mately d}i  times  80  r,  will  produce  an  average  of  about  1  detrimental  or 
lethal  mutation  per  germ  cell.  If  the  woman  thereafter  succeeds  in  pro- 
ducing 3  children  these  will  (in  the  average  of  such  cases)  carry  three 
induced  mutations  (one  each,  most  probably),  in  addition  to  those  mutant 
genes  which  would  have  been  in  them  anyway.  There  is  a  negligible 
chance  that  these  children,  or  their  children  in  turn,  would  be  perceptibly 
affected  in  consequence  of  these  induced  mutations.  However,  three 
"unit  loads"  would  have  been  created  which  would,  on  the  average,  be 
passed  down  to  three  lines  of  descendants,  until  finally  three  genetic 
deaths  occurred  or  if,  to  be  conservative,  the  maximum  plausible  allow- 
ance is  made  for  the  overlapping  of  gene  effects  previously  discussed,  one 
case  of  genetic  death.  Moreover,  there  would  in  the  meantime  have 
been  a  long  series  of  small  disabilities  (added  to  those  which  would  have 
been  present  anyhow),  which  were  collectively  equivalent,  assuming  this 
much  overlapping,  to  one  total  disability.     Thus  the  net  result  of  a  series 


:  NATURE    OF    THE    GENETIC    EFFECTS  435 

of  such  cases  would  be  that  the  frustration  of  the  present  potential 
mothers  would  have  been  exchanged  at  the  expense  of  an  equal  or 
greater  total  amount  of  human  frustration  in  later  generations. 

From  these  calculations  it  will  be  seen  that  the  procedure,  followed  by 
some  physicians,  of  exposing  the  testes  of  relatively  young  men  to  a  dose 
of  some  500  r,  in  order  temporarily  to  check  the  reproduction  of  those  who 
intend  to  beget  children  at  a  later  period,  would  probably,  according  to 
the  best  but  admittedly  not  yet  good  enough  present  indications,  result 
in  the  equivalent  of  several  frustrated  future  lives,  on  the  average,  for 
each  person  enjoying  this  convenience.  It  should  further  be  observed 
that  the  eventual  individual  victims  in  all  these  cases  would  not  have  been 
spared  by  the  exercise  of  more  caution  in  the  exposure  of  the  rest  of  the 
population,  with  the  intention  of  ensuring  that  the  average  dose  received 
by  the  population  as  a  whole  did  not  rise  above  the  agreed  upon  limit  of 
20  r,  or  whatever  it  may  have  been  taken  to  be.  Moreover,  if  less 
radiation  were  really  used  in  other  cases,  to  compensate  for  the  large 
doses  necessary  for  these  partial  sterilizations,  many  people  might  be 
penahzed  by  being  deprived  of  the  benefits  of  radiation  which  could  have 
been  put  to  better  use  in  their  cases. 

When  the  dose  received  is  less  than  enough  to  produce  one  mutation 
per  germ  cell,  it  can  nevertheless  be  expressed  as  a  risk,  or  as  resulting  in 
an  average  of  one  mutation  in  a  certain  number  of  offspring,  in  a  series 
of  cases  of  the  given  kind.  This  damage  or  risk  of  damage  (Muller, 
1951a)  is  then  again  to  be  compared  with  the  average  benefit,  or  rather, 
with  the  amount  by  which  the  average  benefit  would  exceed  that  to  be 
derived  from  the  best  alternative  procedure.  In  many  cases  the  alterna- 
tive procedure  may  itself  involve  irradiation,  but  irradiation  applied  with 
special  precautions,  such  as  (where  it  is  intended  primarily  to  expose 
somatic  parts)  shielding  of  the  gonads,  shuttering  down  of  the  field,  limi- 
tation of  the  time  and  amperage  of  exposure,  and  adjustment  of  the  volt- 
age so  as  to  give  the  least  exposure  to  other  parts  that  is  commensurate 
with  sufficient  exposure  of  the  parts  in  question.  In  such  cases  a  con- 
siderable decrease  in  genetic  risk  may  sometimes  be  achieved  while  the 
only  decrease  in  benefit  to  be  set  against  it  will  be  the  inconvenience 
attached  to  the  taking  of  the  special  precautions.  Even  for  very  small 
exposures  such  precautions  are  usually  justified,  for  these  are  the  very 
ones  which  are  most  likely  to  be  relatively  often  repeated,  and  it  is  the 
total  accumulated  exposure,  received  over  an  unlimited  period  prior  to 
reproduction,  which  counts  in  determining  the  chance  of  producing  a  gene 
mutation  which  will  be  inherited  (as  explained  in  Chap.  8). 

22.  SPEEDING  UP  OF  EVOLUTION  BY  IRRADIATION 

In  all  the  above  discussions  only  the  harmful  mutations  have  been 
taken  into  consideration.     Even  though  beneficial  mutations  form  but  an 
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exceedingly  minute  fraction  of  the  total,  they  must  occur  occasionally 
and  the  ciuestion  therefore  arises  as  to  what  role  they  may  play  in  the 
production  of  effects  on  future  generations,  following  an  exposure  to  radi- 
ation. Under  suitable  conditions  of  selective  multiplication,  their  role 
may  be  inordinately  out  of  proportion  to  their  relative  numbers.  So, 
for  instance,  in  Gustafsson's  (1947)  extensive  work  with  irradiated  barley 
seeds  only  one  mutation  in  about  800,  on  the  average,  was  found  to  be  of 
some  use  in  adapting  barley  better  for  the  needs  of  man,  yet  by  discard- 
ing the  other  799  and  actively  propagating  the  one  advantageous  mutant 
it  was  possible  to  establish  an  improved  variety,  and  this  procedure  was 
in  the  end  profitable.  Of  course  the  same  sort  of  thing  happens,  in  a 
slower  and  less  regular  fashion  but  on  a  far  grander  scale,  in  the  natural 
evolution  of  organisms  by  spontaneous  mutation,  except  that  in  this  case 
the  changes  selected  for  multiplication  are  those  which  are  advantageous 
for  the  species  itself  rather  than  for  man.  That  is,  despite  the  fact  that 
the  spontaneous  mutations,  like  those  produced  by  radiation,  are  in  over- 
whelming majority  detrimental,  a  kind  of  advance  in  adaptation  never- 
theless results  by  virtue  of  the  selective  multiplication  of  the  very  few 
gene  mutations  (and  far  fewer  structural  changes  in  chromosomes)  that 
happen  to  be  helpful.  Thus  it  might  be  thought  that  the  continual 
application  of  radiation  would  merely  speed  the  advance,  if  other  natural 
processes  were  allowed  to  take  their  course. 

As  a  matter  of  fact  this  can  and  does  happen  under  appropriate  cir- 
cumstances. Of  the  necessary  conditions,  the  first  is  that  the  spontane- 
ous mutation  rate  should  not  be  already  so  high  that  when  irradiation  is 
applied  mutations  occur  too  frequently  to  allow  an  equilibrium  elimi- 
nation rate  and/or  a  genetic  load  low  enough  to  be  tolerated  by  the 
population.  A  second  condition  is  that  the  advantageous  mutants 
should  multiply  fast  enough  to  replace  the  original  type  at  a  rate  com- 
mensurate with  their  increased  rate  of  origination.  A  third  requirement 
is  that  the  organism  should  not  be  at  the  limit  of  an  evolutionary  blind 
end,  i.e.,  that  pathways  of  advantageous  change  still  remain  open  to  it. 
Such  opportunities  will  be  present  in  greater  abundance,  allowing  more 
of  the  mutations  that  occur  to  be  helpful  in  the  given  situation,  if  the 
population  has  been  placed  in  an  environment,  and  subjected  to  condi- 
tions of  living,  somewhat  different  from  those  previously  natural  to  it; 
for  it  must  already  have  become  so  highly  adapted  to  its  natural  condi- 
tions as  to  make  further  progress  difficult.  Advance  is  also  achieved 
more  readily  if  the  population  is  one  which  has  to  some  extent  lost, 
through  genetic  changes  or  recombinations,  its  original  nicety  of  adap- 
tation. This  may  have  come  about  through  the  prior  establishment  of 
some  more  or  less  harmful  mutations,  the  effects  of  which  can  now  be 
overcome  by  reverse  or  counteracting  mutations.  Such  prior  retrogres- 
sion is  likely  to  have  occurred  if  the  given  population  has  recently  been 
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derived  from  one  or  from  a  mixture  of  a  few  more  or  less  inbred  lines, 
or  from  relatively  few  progenitors;  in  that  case,  moreover,  the  population 
will  also  start  out  with  unusually  restricted  genetic  variability,  which  the 
apphcation  of  radiation  will  tend  to  remedy. 

All  the  above  conditions  are  fulfilled  in  certain  recent  experiments 
which  have  been  carried  out  with  Drosophila  populations  in  independent 
work  of  Wallace  (1951)  and  of  Buzatti-Traverso  (1951).  In  these  experi- 
ments it  was  found  that  application  of  radiation  to  considerable  labora- 
tory populations,  even  for  many  successive  generations,  in  doses  that 
were  rather  heavy  for  this  organism,  resulted  over  a  long  period  in  a 
greater  improvement  of  productivity  of  the  flies,  as  measured  under  the 
laboratory  conditions,  than  occurred  in  the  nonirradiated  control  popu- 
lations. These  important  but  not  surprising  results  are  in  harmony  with 
the  fact  that  a  single  pair  of  Drosophila  will  if  given  an  opportunity  pro- 
duce hundreds  of  offspring,  so  that  lines  of  descent  derived  from  a  rela- 
tively few  flies  of  higher  productivity  are  under  some  circumstances 
capable  of  displacing  in  a  rather  short  time  those  derived  from  numerous 
others,  of  lower  productivity.  The  free  opportunity  for  breeding  in  the 
relatively  large  population  cages  used  allowed  intense  natural  selection 
of  this  sort,  even  though  not  so  marked  as  this  extreme  example  would 
suggest.  Thus  the  high  proportion  of  deleterious  mutants  could  be  kept 
from  swamping  the  population,  while  those  rare  types  which  possessed 
any  features  that  were  advantageous  under  the  given  conditions  outbred 
the  original  type. 

Even  so,  it  is  very  unlikely  that  a  comparable  improvement  could  have 
been  brought  about  by  these  means  in  a  natural  population  of  Drosophila 
living  under  the  conditions  of  nature.  For  one  thing,  these  experimental 
populations  must  have  had  a  restricted  genetic  background,  as  compared 
with  natural  populations,  and  this  made  a  rise  in  the  frequency  of  muta- 
tions more  advantageous  than  it  ordinarily  would  be.  Second,  there  are 
many  important  features  of  the  natural  environment  missing  in  even  the 
best  laboratory  population  cages  (e.g.,  the  relative  inaccessibility  of  food 
in  nature,  and  sometimes  of  mates;  the  incidence  of  drought,  wind,  preda- 
tors and  parasites;  the  existence  of  competing  species  and  of  other  natural 
dangers),  while  on  the  other  hand  other  features  are  present  in  the  labo- 
ratory containers  in  more  marked  degree  than  usual.  Under  these 
changed  conditions,  opening  new  evolutionary  pathways,  not  a  few 
mutations  would  now  be  helpful  which  would  have  been  disadvantageous 
in  a  state  of  nature,  and  the  accumulation  of  these  mutations  might 
easily  more  than  cancel  the  effect  of  an  otherwise  increased  genetic  load. 
In  the  course  of  the  genetic  reorganization  process,  retrogression  in  adap- 
tation to  the  many  features  no  longer  of  importance  could  occur  with 
relative  impunity,  and  those  mutations  furthering  adaptation  to  the  spe- 
cial laboratory  conditions  would  still  be  advantageous  even  if  they  had 
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simultaneously  entailed  such  retrogression.  These  factors,  then,  favored 
a  relatively  rapid  advance  in  relation  to  the  special  conditions,  despite  a 
mutation  rate  that  gave  a  load  which  under  natural  conditions  might 
have  placed  the  species  at  more  disadvantage  in  relation  to  its  competi- 
tors than  before. 

Nevertheless  it  is  probable  that  the  evolution  of  most  species,  even  in 
a  state  of  nature,  would  in  the  long  run  be  accelerated  by  some  increase 
in  their  mutation  frequency,  such  as  could  be  brought  about  by  moderate 
doses  of  radiation.  For,  to  follow  up  a  suggestion  made  by  Sturtevant 
(1937)  and  later  developed  further  by  the  present  writer  (1950b),  natural 
selection  tends,  where  possible,  to  keep  the  mutation  rate  at  a  lower  level 
than  that  conducive  to  their  most  rapid  evolution.  Granting  this,  how- 
ever, natural  evolution  is  usually  extremely  slow,  especially  in  species 
which,  like  Drosophila,  have  for  an  extended  period  existed  in  a  form 
much  hke  their  present  one,  as  long  as  they  continue  to  live  under  the 
same  conditions  as  those  which  formed  them.  Thus  even  if  a  twenty- 
fold  increase  in  mutation  rate,  produced,  say,  by  3000  r  per  generation, 
did  result  in  a  twentyfold  acceleration  of  their  natural  evolution  when 
applied  to  them  while  living  otherwise  in  a  state  of  nature,  it  would  be 
unreasonable  to  expect  a  perceptible  change  in  them — much  less  a  meas- 
urable increase  in  such  over-all,  already  nicely  adjusted  characters  as 
viability  or  fertility — in  the  course  of,  say,  50  years  (1250  generations) 
of  such  treatments.  For  this  would  be  equivalent  to  only  a  thousand 
years  of  their  ordinary  evolution,  an  insignificant  period  in  most  evolu- 
tionary history.  It  therefore  seems  certain  that  the  seeming  improve- 
ments noted  in  the  laboratory  populations  represented  entirely  a  reorien- 
tation to  their  new  conditions  of  life. 

The  questions  remain  to  be  asked :  at  what  cost  to  individuals  did  this 
accelerated  reorientation  take  place,  what  would  it  have  meant  in  human 
terms,  and  what  would  have  happened  in  the  case  of  a  modern  human 
population  in  which  it  had  been  attempted  to  practice  irradiation  simi- 
larly, although  necessarily  much  more  mildly,  for  many  successive  gener- 
ations? In  the  first  place,  it  should  be  recognized  that  even  where,  as 
above,  the  evolution  consists  of  an  adaptation  to  new  conditions,  the 
vast  majority  of  the  induced  mutations,  like  the  spontaneous  ones,  are 
detrimental  to  life  and/or  reproduction.  Hence  the  increase  of  mutation 
rate  entails  a  corresponding  increase  in  the  rate  of  elimination  and  in  the 
genetic  load;  i.e.,  the  price  is  unavoidably  paid  in  what  we  have  termed 
"frustrated  lives."  According  to  the  estimates  given  above,  it  would 
take  only  some  100  to  300  r  applied  to  all  the  human  population  every 
generation,  to  result,  if  it  could  continue  until  equilibrium  between  muta- 
tion and  elimination  rate  were  reached,  in  genetic  death  and  completely 
frustrated  lives  for  all  but  a  minute  fraction  of  the  population  in  every 
generation.     If,  however,  in  addition  to  the  increased  ehmination  thereby 
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brought  about  there  was  to  be,  as  in  the  flies,  a  natural  replacement  of 
the  original  type  by  multiplication  of  the  very  rare  ''superior"  mutants, 
we  should  have  to  add  the  lives  of  numerous  "normal"  individuals,  frus- 
trated by  that  competition,  to  those  of  the  individuals  carrying  an  exces- 
sive load  of  detrimental  mutations. 

Of  course  nothing  like  so  great  an  increase  in  elimination  rate  could 
be  tolerated  by  any  human  population,  still  less  by  one  living  after  the 
fashion  of  modern  civihzed  communities.  For  the  rate  of  human  repro- 
duction, especially  under  modern  conditions,  is  so  low  that  it  would  be 
quite  impossible  for  a  minute  fraction  of  the  population  to  multiply 
enough  in  each  generation  to  make  up  for  the  loss  of  the  remainder.  In 
fact,  even  at  present  the  populations  of  the  technically  most  advanced 
countries  are  not  much  more  than  maintaining  themselves.  This  is 
another  way  of  saying  that  human  beings  are  already  near  if  not  at  or 
beyond  the  mutation  rate  which,  in  relation  to  their  conditions  of  living 
and  breeding,  is  the  "critical"  one.  Nevertheless  it  might  well  be  that 
a  small  increase  in  the  mutation  rate,  such  as  that  brought  about  by  an 
average  dose  of  only  20  r,  could  be  tolerated.  It  would  however  take  its 
proportionate  toll  in  genetic  deaths  and  load,  as  has  been  explained.  At 
the  same  time,  the  relatively  small  increase  in  the  potential  speed  of  bio- 
logical evolution  which  it  would  theoretically  give  rise  to  could  not,  under 
such  circumstances  as  those  in  which  modern  man  lives,  redound  to  his 
actual  improvement  but  rather  to  his  deterioration. 

The  reason  for  this  reverse  influence  of  mutation  rate  on  biological 
progress  in  the  case  of  modern  man  is  that  he  uses  artificial  means  to 
counteract  and  in  some  important  ways  even  to  reverse  the  usual  mode 
of  operation  of  natural  selection.  Not  only  do  modern  mechanical  and 
social  devices  for  rendering  living  easier  combine  with  medical  methods 
to  save  for  reproduction  an  increasingly  large  proportion  of  those  who 
formerly  would  have  met  genetic  death — a  procedure  which  when  not 
combined  with  eugenic  ones  tends  greatly  to  raise  the  frequency  of 
essentially  detrimental  genes— but  the  more  distinctively  human,  or 
(to  us)  "higher"  characteristics,  of  intelligence,  foresight,  and  social 
behavior,  in  so  far  as  they  have  genetic  bases,  are,  according  to  the  con- 
clusions of  the  great  majority  of  the  serious  students  of  this  subject, 
actually  at  a  disadvantage  in  reproduction,  under  modern  conditions,  in 
competition  with  their  opposites.  In  "advanced"  countries  and  classes 
it  is  on  the  whole  the  wiser,  the  more  humane,  and  the  more  progressive 
who  artificially  restrict  their  families  more,  while  those  who  have  less  fore- 
sight, less  interest  in  the  education  and  welfare  of  their  children,  greater 
clumsiness  in  techniques,  more  thoughtless  profligacy  and  more  super- 
stitution,  leave  a  larger  retinue  of  offspring,  whose  lives  are  largely  saved, 
by  modern  methods,  to  repeat  the  process.  Not  that  such  differences  in 
behavior  are  exclusively  or  even  mainly  genetic  in  their  basis,  but  they 
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must  be  so  to  some  extent.  Hence,  in  so  far  as  selective  multiplication 
occurs  in  regard  to  the  genetic  traits  involved,  it  works  in  a  direction 
antagonistic  to  the  welfare  and  advancement  of  the  population  as  a  whole, 
a  direction  opposite  to  that  taken  under  primitive  conditions.  There  is 
evidence  that  this  is  occurring  in  technically  advanced  communities  of 
all  types,  ranging  from  the  U.S.S.R.  to  most  democratic  countries.  This 
being  the  case,  it  follows  that  under  conditions  like  our  modern  ones  any 
increase  in  genetic  variability,  such  as  would  be  brought  about  by  appli- 
cation of  radiation,  would  hasten  the  degenerative  process. 

The  implication  is  not  intended  that  the  social  conditions  and  mores 
which  form  the  basis  for  this  reversed  selection  are  inseparably  bound 
with  the  possession  and  use  of  the  techniques  of  modern  civilization,  and 
that  there  is  therefore  an  inherent  contradiction  which  will  in  the  end 
defeat  all  men's  efforts  to  better  their  existence.  It  is  theoretically  possi- 
ble, by  the  voluntary  exercise  of  conscious  guidance  over  reproduction, 
and  only  by  this  means,  to  regain  a  beneficial  direction  for  the  process  of 
selective  multiplication  in  civilized  man.  Such  a  situation  is  not  yet  even 
in  sight.  If  and  when  it  should  come  about,  it  would  be  found  that  there 
was  already  in  existence  such  a  plentiful  supply  of  natural  variation  in 
all  human  populations  as  would  for  a  long  time  allow  biological  progress 
at  as  rapid  a  rate  as  the  naturally  slow  multiplication  rate  of  man  would 
make  feasible.  Perhaps  some  day,  still  later,  biological  techniques  of 
advanced  kinds  would  make  possible  radically  new  forms  of  genetically 
selective  multiplication,  and  then  an  artificial  increase  invariability  could 
be  taken  advantage  of  without  paying  the  higher  price  of  an  increased 
genetic  load  and  increased  elimination  rate.  That  bridge  cannot  be 
crossed  now,  however,  and  it  would  not  be  justifiable  to  form  present 
policies  regarding  irradiation  on  the  assumption  that  such  changes  will 
come  about.  For  the  present,  then,  and  with  existing  conditions  in  view, 
it  is  a  fantastic  and  dangerous  rationalization  to  imagine  that  an  increase 
in  the  human  mutation  rate,  brought  about  by  current  radiation  practices, 
will  further  the  biological  improvement  of  mankind. 

23.  PRACTICAL  APPLICATIONS  OF  THE  ACTION  OF  RADIATION 
ON  THE  GENETIC  MATERIAL 

Although,  for  the  reasons  given  above,  it  is  not  practicable  to  utilize 
the  genetic  effects  of  radiation  on  man  for  the  purpose  of  improving  his 
genes,  nevertheless,  if  the  conclusion  presented  on  p.  388  be  accepted,  the 
chromosome  changes  caused  by  radiation,  through  their  very  destruc- 
tiveness  to  proliferating  cells,  form  the  main  basis  of  the  great  therapeutic 
usefulness  of  ionizing  radiation.  In  this  way  malignant  growths  can  be 
selectively  injured  and  in  some  cases  destroyed,  and  overdeveloped  parts 
of  some  types  (such  as  enlarged  thyroids)  can  be  reduced  in  their  size 
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and/or  activity.  It  is  probable  that  a  similar  genetic  mechanism  is  opera- 
tive— this  time  on  the  foreign  cells  present — when  radiation  is  used 
against  certain  parasitic  invaders,  notably  fungi,  when  they  are  so  super- 
ficially located  as  to  be  reached  with  a  high  enough  dose  without  damaging 
too  much  human  tissue.  Sterilization  by  irradiation — another  example 
of  the  same  kind  of  effect — is,  as  earlier  pointed  out,  inadvisable  when  it 
is  intended  to  be  temporary,  and  it  is  usually  more  surely  and  safely 
accomplished  by  other  means  when  it  is  intended  to  be  permanent. 

There  is,  however,  an  interesting  possible  use  to  which  sterilization  by 
irradiation  might  be  put,  provided  preliminary  work  along  the  given  lines 
on  the  screw-worm  fly  Callitroga  americana  by  Bushland  and  Hopkins 
(1951)  is  borne  out  in  extensive  field  tests.  The  objective  in  such  cases  is 
the  checking,  and  perhaps  in  given  areas  even  the  extermination,  of  cer- 
tain noxious  species  (in  the  given  case  a  parasitic  species)  which  are  sub- 
ject to  great  seasonal  variation  in  numbers.  The  principle  of  the  method, 
which  was  suggested  by  E.  F.  Knipling,  is  to  irradiate  very  heavily  great 
masses  of  individuals,  artificially  bred  on  a  vast  scale  for  that  purpose, 
and  then  to  sow  them  widely  throughout  the  breeding  ground  of  the 
species  during  periods  when  the  natural  population,  at  its  lowest  ebb, 
is  just  about  to  multiply  again.  The  irradiated  individuals,  being  more 
numerous  than  the  wild  ones  and  mating  with  them,  should  tend  to 
swamp  out  the  latter 's  multiplication.  A  factor  contributing  to  this 
result  is  that  the  spermatozoa  of  the  recently  irradiated  males  are  still 
functional,  so  as  to  compete  with  normal  sperm,  but  carry  structurally 
changed  chromosomes  which  cause  the  death  of  the  great  majority  of 
zygotes  resulting  from  the  cross  with  untreated  females,  while  the  few 
offspring  which  do  survive,  although  phenotypically  normal,  are  never- 
theless laden  with  structurally  changed  chromosomes  which  in  turn  kill 
off  a  large  proportion  of  the  zygotes  in  the  next  generation.  By  repeated 
large-scale  application  of  this  method  to  a  population  already  depleted 
by  it,  it  might  be  possible  progressively  to  reduce  its  numbers,  provided 
the  foci  of  natural  breeding  are  sufficiently  accessible  to  be  adequately 
reached  in  the  process  of  distributing  the  irradiated  individuals. 

Another  method  of  utilizing  individuals  which  have  suffered  genetic 
damage  from  irradiation — this  time  probably  in  the  form  of  gene  muta- 
tion, however — for  checking  the  ravages  of  those  of  the  original  type  has 
often  been  proposed  in  the  case  of  parasitic  microorganisms.  This 
involves  the  production  of  strains  whose  virulence  has  been  so  decreased 
that  they  may  be  used  as  live  vaccines,  in  the  manner  of  cowpox  or  BCG. 
The  chief  difficulty  lies  in  obtaining  varieties  which  can  be  relied  upon 
never,  despite  their  vast  multiplication,  to  change  back  again  via  reverse 
or  "suppressor"  mutations  to  a  virulent  form.  Doubtless  a  whole  com- 
bination of  mutations  would  be  required  for  this.  Tests  for  the  presence 
of  these,  after  the  first  mutation  had  already  made  the  organisms  non- 
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virulent,  would  usually  be  very  difficult,  except  where  various  other 
recognizable  traits  were  known  to  be  regularly  associated  with  different 
types  of  non virulence ;  such  traits  then  could  be  successively  superposed 
on  one  another. 

Fortunately,  such  100  per  cent  stability  in  regard  to  a  given  charac- 
teristic is  not  reciuired  in  the  case  of  other  genetically  desirable  types  of 
organisms.  Thus  the  question  arises,  to  what  extent  is  radiation  useful 
in  the  furtherance  of  the  artificially  directed  evolution  of  organisms  in 
the  service  of  man?  Certainly  the  main  objection  raised  in  the  discussion 
of  its  proposed  application  for  speeding  human  evolution  does  not  apply 
with  other  organisms,  since  in  their  case  one  need  have  no  moral  com- 
punction in  producing  innumerable  inferior  individuals  and  discarding 
them,  if  at  the  same  time  a  few  desired  types  arise.  The  chief  questions 
then  remaining  are  those  of  economy  and  of  practicability  in  general. 

Commercially  valuable  mutations  in  mushrooms  affecting  color,  growth 
rate,  and  fruiting  time  have  been  produced  by  radiation  (U.S.  Atomic 
Energy  Commission,  1952,  p.  98).  The  experiences  of  Gustafsson  with 
barley  and  other  crop  plants,  mentioned  on  p.  436,  showed  that  about 
1  in  10  offspring  of  his  irradiated  seeds  carried  some  definitely  recognizable 
recessive  mutation,  and  that  of  these  mutations  something  of  the  order  of 
1  in  800  were  useful  to  man  in  some  way,  as  by  increasing  the  yield  under 
the  conditions  of  cultivation  or  by  causing  the  product  to  be  better 
adapted  for  being  gathered,  processed,  or  consumed.  Thus  the  plants 
had  to  be  bred  (and  inbred)  on  a  considerable  scale,  and  a  multiplication 
of  about  8000-fold  was  necessary  before  the  original  numbers  were  reestab- 
lished, with  the  mutation  now  incorporated  in  the  strain.  With  plants  of 
the  rapidly  and  comparatively  inexpensively  multiplying  kinds  here  used, 
however,  neither  the  time  nor  the  expense  of  this  operation  was  unduly 
great.  It  would  probably  have  taken  longer,  and  cost  more,  to  find  and 
to  multiply,  to  an  equivalent  extent,  the  comparable  mutants  which  must 
have  been  present,  in  far  more  scattered  condition,  in  untreated  popu- 
lations of  the  same  varieties.  Moreover,  in  some  such  cases  the  chosen 
varieties  may  not  yet  be  widely  grown,  and  other  varieties  would  prob- 
ably have  to  be  resorted  to  for  finding  the  desired  spontaneous  mutants, 
if  they  could  be  found  at  all.  The  transfer  of  the  mutant  gene  from  these 
other  varieties  to  the  chosen  one  might  then  require  a  very  lengthy  proc- 
ess of  backcrossing  with  the  latter,  in  order  to  maintain  all  the  desired 
features  of  its  genetic  complex.  This  roundabout  procedure  would  in 
some  cases  be  less  economical  than  that  involving  irradiation  of  the  chosen 
variety.  The  reader  interested  in  further  instances  of  the  successful  use 
of  irradiation  for  the  obtaining  of  improved  varieties  of  plants  of  eco- 
nomic importance  may  be  referred  to  the  recent  review  by  Gustafsson 
(1952),  which  cites  many  cases  both  in  his  own  \vork  and  in  that  of  others, 
carried  out  largely  in  Sweden. 
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Thus  the  decision  as  to  whether  the  radiation  technique  will  be  helpful 
must  depend  upon  a  number  of  factors  which  differ  according  to  the 
species  and  variety  in  question.  In  general,  the  larger,  the  slower  grow- 
ing, and  the  more  expensive  to  raise  a  type  of  organism  is,  and  the  smaller 
the  potential  number  of  offspring  per  individual,  the  less  suited  it  is  to 
the  use  of  the  radiation  technique  for  its  improvement,  since  the  indi- 
viduals are  less  expendable.  For  the  present  this  rules  out  mammals  in 
most  but  not  all  cases.  Furthermore,  the  more  readily  available  large 
populations  of  the  organism  are,  for  a  search  for  spontaneous  mutations, 
the  less  advantage,  other  things  being  ecjual,  is  afforded  by  the  applica- 
tion of  radiation  for  mutagenesis.  Where  definite  recessive  mutations 
are  wanted,  in  organisms  which  are  mainly  crossbred  but  can  be  readily 
inbred,  these  mutations,  of  spontaneous  origin,  can  often  be  found  with 
as  high  a  frequency  merely  by  inbreeding  (and  especially  by  selling)  as 
that  with  which  eciuivalent  mutations  produced  by  radiation  can  be 
found.  To  match  the  fact  that  one  irradiation  may  cause,  say,  20  times 
as  many  mutations  as  arise  spontaneously  in  one  generation,  the  spon- 
taneously arisen  mutant  genes  have  usually  accumulated  for  a  good  many 
more  than  20  generations,  on  the  average,  so  that  although  they  are  sel- 
dom seen  without  inbreeding,  they  have  nevertheless  attained  a  corre- 
spondingly high  frequency  in  the  population.  Inbreeding  will  then  bring 
them  to  light.  Moreover,  it  is  sometimes  true  that  the  very  mutations 
which  are  more  desirable  are  more  likely,  through  natural  selection,  to 
have  attained  a  higher  natural  frequency. 

Radiation  is  accordingly  most  likely  to  be  found  advantageous  for 
small,  rapidly  multiplying  organisms,  including  especially  those  which 
are  habitually  selling  (like  many  higher  plants),  or  which  have  major 
haploid  phases  (as  in  Hy menoptera,  Rotif era,  and  many  microorganisms) , 
and  which  have  therefore  been  weeded  comparatively  free  of  spontaneous 
mutants.  Where  it  is  much  easier  for  the  breeder  to  obtain  such  organ- 
isms by  cultivating  them  himself  than  by  searching  extensively  for  them 
abroad,  the  advantage  of  using  radiation  on  them  becomes  emphasized. 
Where  mutations  are  desired  within  restricted  varieties  that  it  is  either 
impossible  (e.g.,  because  of  their  asexual  nature)  or  impracticable  (e.g., 
because  of  their  complex  of  desired  characteristics)  to  outcross,  this  cir- 
cumstance constitutes  another  feature  which  favors  the  use  of  the  irradi- 
ation technique. 

Where  the  circumstances  for  irradiation  are  favorable,  one  is  not 
necessarily  confined  to  hunting,  among  the  descendants  of  the  treated 
organisms,  for  mutations  which  individually  produce  large,  definitely 
recognizable  effects,  like  most  of  the  mutations  dealt  with  in  conven- 
tional genetic  studies.  Neither  need  the  mutations  be  recessives.  Thus, 
as  the  already  cited  work  of  Buzatti-Traverso  on  Drosophila  has  shown, 
the  practice  of  ordinary  selection,  even  without  inbreeding,  can,  if  inten- 
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sively  and  extensively  applied,  result  in  the  accumulation  of  minor 
changes  which  collectively  work  in  the  desired  direction,  even  though  it 
would  very  seldom  be  possible  by  this  means  to  obtain  perceptible 
improvement  in  characteristics  useful  to  the  organism  itself  while  it  is 
living  under  exactly  its  natural  conditions  and  retaining  in  other  respects 
its  original  genetic  constitution. 

The  above  considerations  suggest  that  microorganisms  should  on  the 
w^hole  present  especially  suitable  material  for  the  practical  use  of  radi- 
ation for  its  mutagenic  effects.  There  are  already  several  examples  to 
illustrate  its  use  in  this  way.  One  is  provided  by  experiments  with  the 
mold  Penicillium,  initiated  by  Hollaender  (1945)  and  continued  by  a 
whole  group  of  investigators.  In  this  work,  the  irradiation  was  carried 
out  in  several  successive  steps.  After  each  exposure  that  mutant  was 
selected  which  had  the  best  yield  of  penicillin  and  the  colony  derived 
from  it  was  then  used  for  the  next  exposure.  In  this  way  a  strain  was 
finally  produced,  incorporating  all  the  mutations  together,  which  had  a 
yield  some  four  to  five  times  as  high  as  that  of  the  original  variety.  This 
result  was  of  considerable  economic  and  medical  value.  Somewhat  simi- 
larly, Hollaender  and  his  co-workers  (Hollaender,  1945;  Hollaender, 
Raper,  and  Coghill,  1945;  Lockwood,  Raper,  Moyer,  and  Coghill,  1945; 
Raper,  Coghill,  and  Hollaender,  1945),  irradiating  an  already  somewhat 
suitable  variety  of  the  mold  Aspergillus  terreus  in  order  to  obtain  a  strain 
with  a  higher  yield  of  the  economically  important  substance  itaconic  acid, 
were  successful  at  the  same  time  in  increasing  the  concentration  of  it  in 
the  cell  still  further,  and  decreasing  that  of  contaminating  substances, 
even  though  they  found,  as  expected,  that  the  great  majority  of  the  muta- 
tions which  affected  itaconic  acid  production  at  all  decreased  the  yield 
of  it. 

There  would  appear  to  be  an  enormous  field  still  open  in  such  work, 
especially  when  the  wide  variety  and  unlimited  succession  of  steps  possi- 
ble in  evolution  are  taken  into  consideration.  So,  for  example,  it  should 
be  possible  by  successive  mutations  to  adapt  bacteria,  fungi,  protozoa, 
and  viruses  to  new  hosts,  or  even  to  make  free-living  ones  parasitic,  as 
well  as  to  increase  their  virulence  for  their  hosts  so  as  to  make  them  use- 
ful in  the  control  of  insect  parasites,  predators,  noxious  weeds,  and  other 
inimical  species.  Tissue  specificities  also  could  be  developed  in  parasitic 
microorganisms,  such  as  have  already  been  claimed  to  afford  an  attack  on 
certain  malignant  tumors.  In  other  cases,  not  destruction  but  a  specific 
constructive  influence  on  given  host  tissues — as  in  the  production  of  use- 
ful galls— might  be  evolved.  The  opportunities  of  establishing,  in  organ- 
isms not  now  possessing  them,  other  beneficial  forms  of  symbiosis  with 
microorganisms,  such  as  already  exist,  for  example,  in  ruminants  and  ter- 
mites, seem  so  far  to  have  been  exploited  only  to  a  very  limited  degree. 

But  the  possibilities  are  by  no  means  confined  to  parasites  and  symbi- 
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onts.  There  is  vast  room  for  the  further  development  of  valuable  or 
potentially  valuable  microorganisms  for  the  production  of  foods,  food 
accessories,  and  pharmaceuticals  (e.g.,  cheeses,  wines,  antibiotics),  and 
as  food  or  fodder  in  themselves  (e.g.,  yeast,  plankton,  algae),  and  also 
for  use  in  \'aried  biochemical  reactions  of  economic  importance  in  other 
ways,  as  in  the  production  of  innumerable  industrially  serviceable  organic 
materials,  and  in  the  synthesis,  by  the  efficient  use  of  solar  energy,  of 
energy-rich  combustibles.  When  the  stupendous  accomplishments  of 
natural  evolution  are  contemplated,  and  then  the  momentous  changes 
even  in  comparatively  long-lived  species  achieved  by  the  trial  and  error 
methods  of  primitive  man,  possibilities  like  the  above  for  microorganisms 
appear  by  no  means  too  exaggerated  to  be  in  significant  measure  realized, 
even  within  the  space  of  a  few  decades,  by  artificially  accelerated  and 
rationally  guided  evolution. 

Although  in  such  work  other  mutagens  than  radiation  can  be  used, 
experience  to  date  has  indicated  radiation  to  be  the  most  satisfactory 
agent  for  this  purpose,  because  of  its  convenience  of  application,  its  pene- 
tration, and  the  ready  control  of  its  intensity  and  timing. 

24.  IRRADIATION  OF  THE  GENETIC  MATERIAL  AS  A  MEANS  OF 
BIOLOGICAL  INVESTIGATION 

A  primary  purpose  of  the  theoretician  as  distinguished  from  the  bio- 
logical engineer,  in  applying  radiation  to  produce  changes  in  the  genetic 
material,  is  not  merely  to  find  given  mutants  or  even  to  plot  the  inci- 
dence of  the  changes  found,  but  to  use  his  results  as  a  means  of  investi- 
gating the  mechanism  whereby  radiation  brings  about  these  alterations. 
Studies  of  this  type  will  be  discussed  in  Chap.  8.  Other  purposes  of 
using  this  method  of  experimentation — interrelated  with  the  above  but 
primarily  concerned  with  biological  problems  proper — are  to  throw  light 
on  the  behavior,  properties,  and  constitution  of  the  genetic  material  itself, 
and  to  attack  varied  problems  of  evolution,  development,  physiology, 
pathology,  and  biochemistry  in  which  genetics  plays  a  role.  It  is  not 
surprising  that  thus  far  genetics  itself  has  been  the  subject  which  has 
been  furthest  advanced  by  this  mode  of  attack,  but  the  repercussions  of 
these  advances  have  been  far  reaching  elsewhere.  In  fact,  so  successful 
has  this  tool  proved  in  such  work  that  only  a  cursory  survey  can  be 
attempted  here,  indicating  the  general  types  of  results  thereby  obtained 
in  these  fields. 

24-1.  Field  of  Chromosome  Behavior  and  Properties.  As  one  example 
of  the  contributions  of  radiation  experiments  to  genetics,  it  may  be 
pointed  out  that  the  whole  mechanism  whereby  structural  changes  of 
chromosomes  occur,  whether  as  a  result  of  irradiation  or  otherwise,  has 
been  worked  out  chiefly  through  the  studies  on  their  production  by  radi- 
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ation.  These  studies  have  estabUshed,  among  other  things,  the  following 
previously  unknown  principles  (which  were  in  the  preceding  sections 
assumed  to  be  true):  (1)  that  the  breakage  of  chromosomes  occurs  first; 

(2)  that  the  unions  of  fragments  happen  as  a  later,  quite  separate  step; 

(3)  that  broken  chromosome  ends  have  the  property  of  being  adhesive  to 
one  another  and  thereby  becoming  permanently  united;  (4)  that  origi- 
nally free  ends  do  not  have  this  property  and  are  therefore  to  be  distin- 
guished as  "telomeres";  (5)  that  the  adhesiveness  does  not  manifest  itself 
while  the  chromosomes  are  in  a  condensed  stage  but  remains  latent,  to  be 
expressed  on  their  emergence  therefrom;  (6)  that  the  reproduction  of  a 
chromosome  fragment  produced  by  breakage  results  in  that  end  of  the 
daughter  piece  which  is  homologous  to  the  broken  end  of  the  mother 
piece  being  itself  adhesive;  (7)  that  when  union  of  broken  ends  occurs 
it  is  always  two-by-two,  i.e.,  3  or  more  pieces  cannot  join  at  one  point  so 
as  to  produce  a  branched  chromosome ;  and  (8)  broken  ends  do  not  adhere 
to  the  side  of  a  chromosome.  Breakage,  however  caused,  is  the  event 
that  triggers  the  process,  but  what  happens  later  in  the  production  of  a 
structural  change  follows  in  consequence  of  the  operation  of  the  other 
principles.  For  evidence  on  most  of  these  points  the  reader  is  referred  to 
the  present  writer's  analysis  of  the  processes  (MuUer,  1940a). 

The  establishment  of  the  chromosomal  interpretation  of  the  ropelike 
bodies  in  Dipteran  salivary  glands — a  step  most  serviceable  for  progress 
in  genetics — involved  the  use  of  chromosomes  structurally  changed  by 
radiation.  Only  when  the  very  changes  which  genetic  tests  had  demon- 
strated to  have  been  produced  by  radiation  in  the  linkage  maps  were 
directly  seen  in  the  salivary  gland  bodies  was  the  chromosomal  nature  of 
the  latter  revealed  unmistakably  by  Painter  (1933,  1934).  Then,  after 
varied  chromosomes  that  had  been  structurally  changed  by  radiation  had 
had  their  morphology  determined  by  the  genetic  method  of  "mapping" 
through  linkage  tests,  the  detailed  study  of  the  appearance  of  these  chro- 
mosomes in  the  salivary  glands  made  it  possible  to  ascertain  exactly  which 
spots  on  the  visible  salivary  chromosomes  corresponded  with  given  points 
in  the  linkage  maps.  In  this  way  verification  was  provided  of  the  physi- 
cal validity  of  even  the  minutiae  of  the  linkage  maps,  much  as  such  veri- 
fication of  their  gross  features  had  earlier  been  giA-en  by  comparisons  of 
the  linkage  maps  of  chromosomes  structurally  altered  by  radiation  with 
the  chromosomes  as  seen  in  their  condensed  (mitotic)  stages  (MuUer, 
1928b,  d;  Muller  and  Altenburg,  1928;  MuUer  and  Painter,  1929;  Painter 
and  Muller,  1929;  Dobzhansky,  1929,  1930a,  b,  1931,  1932).  Moreover, 
after  the  point-by-point  correspondences  had  been  ascertained  in  this  way 
for  salivary-gland  material,  various  further  conclusions  could  be  drawn, 
such  as  that  the  frequency  of  crossing  over  varies  in  given  ways  from 
region  to  region  of  a  chromosome,  owing  to  the  influence  of  the  centro- 
mere and  other  features,  and  that  the  condensed  mitotic  chromosome 
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has  some  of  its  parts  (notably  the  blocks)  very  differently  spaced  from 
the  extended  (salivary  or  other  interphase)  chromosome.^ 

The  wealth  of  chromosomes  with  parts  variously  rearranged  by  radi- 
ation was  further  amplified  by  genetic  techniques  whereby,  through 
crossing  between  the  different  chromosomal  mutants,  still  more  diverse 
recombinations,  having  given  parts  missing  or  duplicated,  were  obtained. 
Through  the  cytogenetic  study  of  the  resulting  material  it  was  then  possi- 
ble to  gain  information  concerning  the  properties  of  the  different  chro- 
mosome parts.  In  this  way  it  was  proved  that  the  centromere  is  the 
product  of  a  gene,  or  a  minute  group  of  genes,  located  at  the  same  point 
as  that  at  which  the  centromere  itself  appears,  but  capable  of  being 
altered  in  position  by  structural  change  along  mth  the  chromosome 
region  surrounding  it.  It  was  likewise  established  that  one  centromere 
is  necessary  for  a  chromosome  to  be  transported  at  cell  division,  but  that 
more  than  one,  even  if  they  are  close  together,  leads,  in  the  material  used, 
to  loss  of  the  chromosome,  and  that  chromosome  bridges  caused  by  dicen- 
tric chromosomes  in  fertilized  eggs  usually  result,  in  Drosophila,  in  the 
death  of  the  zygotes.  Similarly,  evidence  was  obtained  of  the  genetic 
permanence  of  the  telomere  and  of  its  being  due  to  a  gene  or  a  minute 
group  of  genes  located  at  the  point  at  which  it  appears. 

Other  differentiated  chromosome  parts  that  were  shown  to  be  produced 
in  situ  in  Drosophila  (i.e.,  by  specific  genes  located  at  the  points  in  the 
chromosome  at  which  the  given  structures  appear)  and  to  be  separable 
by  structural  change  both  from  each  other  and  from  the  centromere,  are 
the  blocks  (bodies  whose  existence  had  not  previously  been  suspected), 
the  nucleolus,  and  minute  regions  containing  what  may  be  called  "conju- 
gator  genes,"  which  give  those  regions  a  powerful  effect  on  chromosome 
conjugation  and  segregation.     The  specialized  genes  responsible  for  all 
three  of  these  kinds  of  effects  were  found  to  be  congregated  together, 
along  with  the  centromere,  in  a  given  chromosome  region,   the  main 
heterochromatic  region,  which  exhibits  a  whole  complex  of  other  char- 
acteristics.    These  include,  as  was  shown  by  these  investigations,  heter- 
ologous conjugation,   relative  dispensability   of  genes,  susceptibihty  to 
structural   change,   characteristic   cytological  appearance,   and   peculiar 
type  of  position  effect.     Studies  of  rearranged  chromosomes  showed  that 
these  characteristics  also  were  all  in  situ  results  of  the  genes  in  the  same 
regions,  and  that  they  were  not  to  be  attributed  just  to  the  specialized 
genes  above  mentioned,  which  formed  but  a  small  part  of  these  regions, 
3  Except  in  certain  special  cases,  where  the  sources  of  evidence  are  not  well  known 
even  to  many  geneticists,  references  will  not  be  given  to  the  voluminous  literature  in 
which  the  production  of  genetic  changes  by  radiation  has  been  used  primarily  as  a 
tool  in  the  investigation  of  genetic  or  other  biological  problems  themselves,  since  the 
main  purpose  of  the  present  chapter  is  to  acquaint  the  reader  with  the  nature  of  the 
genetic  effects  of  radiation,  from  the  point  of  view  of  those  interested  in  radiation 
effects  as  such. 
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but  were  manifestations  of  the  genes  of  this  region  in  general.  Hence 
these  characteristics  became  transferred  in  position  when  a  part  of  the 
latter  did  even  when  the  above  specialized  genes  were  not  included. 
Smaller  heterochromatic  regions,  showing  most  of  the  same  peculiarities 
but  to  a  more  limited  degree,  were  found  to  be  present  just  proximal  to 
the  telomeres,  and  a  part  of  the  effects,  still  less  well  developed,  were 
found  to  exist  in  scattered  interstitial  positions  as  well.  All  this  work 
reciuired  the  production  of  structural  changes  by  radiation.  For  most 
of  the  points  in  this  and  the  preceding  paragraph  the  reader  may  be 
referred  to  Muller  (1938,  1944),  Muller  and  Gershenson  (1935),  MuUer 
and  Prokofyeva  (1935a),  Muller,  Prokofyeva-Belgovskaya,  and  Raff  el 
(1938)  and  Prokofyeva-Belgovskaya  (1935,  1938,  1939). 

It  was  mainly  through  observations  on  the  mode  of  transmission  of 
chromosomes  changed  by  radiation,  and  on  the  phenotypic  effects  of 
different  combinations  of  the  parts  of  these  chromosomes,  that  the  princi- 
ples were  worked  out  which  govern  the  manner  and  speed  of  elimination, 
retention,  or  multiplication  of  different  types  of  structural  changes  in 
populations.  In  this  way  it  was  possible  for  the  present  writer  (1940b) 
to  make  deductions  concerning  the  role  of  different  types  of  chromosome 
alterations  in  evolution.  The  conclusions  thus  arrived  at  were  corrobo- 
rated by  observations  of  other  investigators,  who  had  studied  the  dis- 
tribution of  chromosome  differences  among  natural  populations  of  the 
same  species,  and  among  different  races,  subspecies,  and  species. 

24-2.  Field  of  Gene  Properties  and  Gene  Evolution.  Study  of  the  somatic 
effects  produced  in  Drosophila  by  the  addition  or  subtraction  of  given 
chromosome  pieces,  made  possible  by  the  use  of  structural  changes 
obtained  from  irradiation  experiments  especially  designed  for  the  finding 
of  aberrations  appropriate  for  this  purpose,  has  resulted  in  a  considerable 
extension  of  knowledge  concerning  genie  balance  and  related  matters. 
For  example,  the  subtraction  of  a  given  portion  of  a  chromosome  from 
the  diploid  set  of  chromosomes  was  found,  in  general,  to  cause  a  good 
deal  more  developmental  and  physiological  disturbance  ihan  the  addition 
of  the  same  portion  to  it,  in  correspondence  with  the  fact  that  the  sub- 
traction constitutes  a  greater  relative  change  than  the  addition.  Simi- 
larly, the  amount  of  disturbance  caused  by  a  given  addition  or  subtraction 
is  smaller,  the  larger  the  number  of  complete  chromosome  sets  (i.e.  the 
degree  of  "ploidy")  present  in  the  individuals  being  compared.'" 

1"  It  may  well  be  because  of  this  principle  that  so  many  dominant  genetic  abnormali- 
ties, involving  complexes  of  characteristics,  have  been  observed  in  the  first  generation 
of  offspring  of  irradiated  salmon  spermatozoa,  in  the  work  of  Foster,  Donaldson,  ei  al. 
(1949  and  personal  communication).  There  is  reason  to  believe  these  fishes  to  be  of 
polyploid  origin.  Most  of  the  abnormalities  would  in  that  case  be  caused  by  extra 
or  missing  whole  chromosomes  or  large  chromosome  pieces,  which  would  have  been 
lethal  to  ordinary  diploids,  and  the  apparent  contradiction  between  these  results 
and  those  on  most  organisms  would  thus  be  reconciled. 
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Cases  involving  subtraction  of  pieces,  "deficiency,"  further  showed 
that  there  are  only  a  limited  number  of  individual  genes — probably 
several  score  altogether,  scattered  along  the  chromosomes — the  reduction 
of  which  from  two  doses  to  one  results  in  full  lethality  or  in  a  definite, 
readily  observable  morphological  effect.  Moreover,  a  considerable  pro- 
portion of  the  morphological  effects  in  these  cases  consists  in  a  given, 
regularly  appearing  syndrome  (the  "Minute  bristle"  complex  of  char- 
acteristics). But,  apart  from  these  marked  effects  of  a  few  genes,  it  is 
in  general  true  that  the  larger  the  deficiency,  in  any  chromosome  region, 
the  lower  the  viability  and  fertility,  until  a  size  of  deficiency  is  reached 
which  cannot  be  tolerated.  This  maximum  size  varies  with  the  region 
but  is  never  greater  in  Drosophila  than  a  few  per  cent  of  a  total  chromo- 
some-set (as  in  the  case  of  the  loss  of  an  entire  fourth  chromosome),  and 
is  usually  less  than  1  per  cent.  This  result  is  necessarily  due  to  the 
cumulative  action  of  very  many  individually  small  effects,  i.e.,  to  the 
collective  weight  of  numberless  fractional  genetic  loads,  each  caused  by 
the  heterozygous  (single  dose)  state  of  a  normal  gene  (compare  discussion 
in  Sect.  20). 

It  was  observations  of  the  consequences  of  changing  the  dosage  of  indi- 
vidual mutant  genes  of  known  morphological  expression,  effected  by  the 
addition  or  subtraction  of  small  chromosome  fragments  produced  by  radi- 
ation and  chosen  so  as  to  contain  these  genes,  which  gave  the  most  sig- 
nificant results  concerning  the  phenomena  of  genie  balance.  This  was 
the  work  which  provided  the  evidence  for  the  classification  of  mutant 
genes  presented  in  Sect.  13,  and  for  the  finding  that  the  majority  of 
detected  mutants  are  hypomorphs,  with  amorphs  second  in  freciuency. 
It  was  this  work  which  at  the  same  time  showed  that  for  most  genes  the 
phenotypic  effect  at  first  (for  hypomorphs)  rises  steeply  with  increase  of 
gene  activity  or  dose,  and  that  the  curve  of  effect  (Fig.  7-(3)  then  becomes 
convex,  approaching  a  saturation  level,  which,  however  (as  the  studies  on 
dosage  compensation  showed),  is  never  fully  attained.  This  furnished  a 
simultaneous,  common  interpretation  based  on  evolutionary  and  bio- 
chemical considerations  for  (1)  the  phenotypic  variability  of  most 
mutants,  (2)  the  phenotypic  stabiUty  of  the  normal  type,  (3)  the  fact  that 
most  normal  genes  appear  to  have  the  same  expression  when  present  in 
two  doses  as  when  present  in  one,  and  (4)  the  dominance,  in  most  cases 
appearing  complete  when  judged  by  ordinary  inspection,  of  most  normal 
genes  over  their  mutant  alleles. 

Through  the  same  tests,  the  facts  of  dosage  compensation  also  came  to 
light,  and  this  phenomenon  was  further  investigated  by  studies  utilizing 
a  systematic  series  of  radiation-induced  chromosome  fragments.  There- 
by cogent  evidence,  quite  apart  from  that  already  mentioned,  was 
obtained  that  despite  the  seemingly  complete  dominance  of  normal  genes 
there  must  usually  be  enough  difference  between  individuals  with  two  and 
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those  with  one  dose  of  a  normal  gene,  and  hence,  too,  between  homo- 
zygous and  heterozygous  normals,  to  affect  their  genetic  survival  sig- 
nificantly^— so  significantly,  in  fact,  as  to  have  led  to  the  establishment  of 
systems  of  dosage-compensating  genes.  This  then  demonstrated  the 
importance  for  the  organism  of  shades  of  difference  so  minute  as  to  be 
below  the  threshold  for  ordinary  detection,  and  showed  that  these  sub- 
liminal effects  have  been  accumulated  in  the  course  of  natural  selection 
until  a  remarkably  high  degree  of  precision  of  genetic  adaptation  has  been 
attained  by  the  normal  type. 

The  conclusion,  thus  doubly  arrived  at  through  radiation  studies,  that 
the  dominance  of  normal  genes  is  not  actually  complete,  was  later  veri- 
fied, by  the  direct  measurements  referred  to  in  Sect.  14,  of  the  viabihty  of 
indi\'iduals  heterozygous  for  lethal  and  sublethal  genes  that  had  been 
produced  in  radiation  experiments.  These  showed  the  amount  of  expres- 
sion of  the  "recessive"  mutant  genes  in  the  heterozygote  to  be  sufficient 
to  result  in  mutant  genes  being  eliminated  while  in  the  heterozygous 
condition,  in  the  great  majority  of  cases.  Since  the  evidence  of  Levit 
derived  from  spontaneous  mutations  in  man  fitted  in  with  this,  an  entire 
reordering  of  ideas  and  recalculation  of  results  pertaining  to  rates  and 
curves  of  elimination,  types  of  expression,  and  equilibrium  frequencies  of 
mutant  genes — whether  spontaneous  or  induced — in  populations  became 
necessary.  The  application  of  these  methods  to  the  actual  situation  also 
required  the  use  of  another  contribution  of  radiation  genetics,  in  which 
light  had  been  thrown  on  the  relative  frequencies  of  mutations  having 
different  types  and  degrees  of  expression:  visibles,  detrimentals,  steriles, 
and  lethals,  and  in  which  estimates  had  thereby  been  arrived  at  of  the 
total  frequency  of  mutations.  In  the  process  of  combining  the  results 
from  the  two  fields  of  investigation,  on  the  degree  of  dominance  and  on 
the  frequencies  of  mutations,  respectively,  the  concept  of  genetic  load 
had  to  be  introduced.  It  proved  a  fruitful  one  in  assessing  the  effects  of 
radiation  and  of  selection  on  populations  and  on  the  individuals  com- 
posing them. 

Studies  of  chromosome  changes  produced  by  radiation  threw  light  from 
still  different  angles  on  the  properties  of  genes.  For  example,  it  was  the 
finding  of  the  regularity  with  which,  in  Drosophila,  structural  changes  are 
accompanied  by  detectable  phenotypic  effects,  such  as  lethality,  sterility, 
and  morphological  abnormalities,  that  suggested  the  conception  of  posi- 
tion effect  as  a  general,  fundamental  phenomenon  (even  though  not 
evident  in  most  organisms),  rather  than  one  confined  to  special  cases. 
Numerous  subseciuent  studies,  employing  chromosomes  changed  struc- 
turally by  radiation  in  various  ways,  verified  this  idea  and  disclosed 
important  additional  features,  such  as  the  peculiarities  of  the  position 
effects   resulting   from   the   juxtaposition   of   eu-   and   heterochromatic 
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regions.     Nevertheless,  the  problem  of  the  physicochemical  nature  of 
position  effects  is  still  an  unsettled  one. 

Another  series  of  studies  in  which  chromosome  changes  induced  by 
radiation  have  been  utilized  for  the  light  they  throw  on  gene  properties 
has  dealt  with  the  number  of  genetically  separable  positions  of  breakage 
which  exist  within  a  given  minute  chromosome  region,  measurable  in 
salivary  preparations  (Muller  and  Prokofyeva,  1935b).  In  this  work  a 
series  of  structural  changes,  all  selected,  through  their  position  effects,  to 
have  one  chromosome  break  located  very  near  a  certain  gene  ("scute"), 
were  genetically  cross-tested  with  one  another  by  special  methods  which 
made  it  possible  to  determine  the  positional  order  of  the  breaks  in  the 
chromosome,  from  left  to  right.  This  involved  getting  recombinations 
between  the  different  cases  of  structural  change,  having  the  left-hand 
portion  of  one  changed  chromosome  (A)  extending  up  to  its  break  in  this 
region,  together  with  the  right-hand  portion  of  another  (B)  extending 
rightwards  from  its  break,  to  discover  whether  the  AB  combination  was 
lethal  or  exhibited  any  other  phenotypic  abnormality  indicative  of  a 
deficiency.  The  complementary  BA  combinations,  having  the  left  part 
of  B  with  the  right  part  of  A,  were  obtained  and  examined  similarly. 
When  AB  proved  deficient  break  A  was  shown  to  be  to  the  left  of  break 
B,  while  when  BA  was  deficient  break  B  was  to  the  left  of  A;  but  when 
neither  recombination  behaved  as  a  deficient  one,  it  could  be  concluded 
that  the  breaks  were  at  identical  positions,  in  the  sense  that  no  genetic 
material  having  a  detectable  influence  on  the  organism  lay  between  them. 

It  turned  out  that  some  dozen  cases  of  breakage  in  the  given  region 
involved  only  four  positions  of  breakage,  as  thus  determined,  and  from 
certain  additional  evidence  just  one  more  possible  position  of  breakage 
was  deducible.  Each  two  breakages  thereby  defined,  lying  in  consecutive 
positions,  enclosed  between  them  a  gene  with  distinguishable  effects. 
The  evidence  thus  indicated  that  the  chromosomes  become  broken  only 
in  certain  discrete  positions,  between  genes,  and  that  the  genes  are  to  be 
regarded  as  distinct  entities.  It  may  be  recalled  that  evidence  for  the 
same  conclusion  was  also  given  by  the  finding  that,  in  most  organisms, 
which  show  little  or  no  position  effect,  structural  changes  are  very  seldom 
accompanied  by  lethal  effects  or  other  phenotypic  abnormalities. 

A  study  somewhat  similar  to  the  above  in  principle  although  not  in 
technique  has  been  made  in  maize  by  McClintock  (1938b,  1941,  1944). 
Here  chromosomes  structurally  altered  by  X  rays  were  used  which  have 
a  sequence  of  breakage-fusion-bridge  cycles,  resulting  (when  homozygous 
or  when  in  combination  with  certain  other  chromosomes  which  had  also 
been  structurally  altered  by  radiation)  in  plants  and  parts  of  plants 
wholly  deficient  for  a  small  chromosome  region.  Two  different  chromo- 
somes (5  and  9)  were  used  in  different  series  of  experiments.     The  limits 
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of  the  deficient  region  differed  slightly  in  the  different  cases  of  any  one 
series  of  experiments  in  consequence  of  minute  differences  in  the  positions 
of  breakage.  By  noting  the  phenotypic  effects  produced  in  the  different 
cases,  and  by  comparisons  of  the  manner  of  grouping  of  these  effects  from 
case  to  case,  the  linear  sequence  and  the  functions  of  the  genes  contained 
in  the  affected  portion  of  the  chromosome  could  be  ascertained  with  great 
nicety  of  resolution,  yet  over  a  considerably  greater  length  of  chromosome 
than  in  the  work  with  the  scute  region  of  Drosophila. 

Returning  now  to  the  studies  on  the  scute  region,  a  deficiency  that 
according  to  genetic  tests  lacked  exactly  that  portion  of  chromosome 
lying  between  the  leftmost  and  the  rightmost  of  all  the  breaks  which  had 
been  dealt  with,  and  thus  was  deficient  for  the  whole  group  of  four 
adjacent  genes  comprised  in  the  preceding  analysis,  was  found  on  cy to- 
logical  examination  to  occupy  a  length  of  about  half  a  micron  on  the 
salivary  chromosome  and  to  constitute  not  more  than  a  half  of  one  double 
band  as  seen  in  ordinary  preparations.  In  this  way  it  was  shown  that 
the  maximum  length  of  the  individual  genes  here  dealt  with  was  just 
beyond  the  resolving  power  of  visible  light,  even  in  the  salivary  chromo- 
somes, and  occupied  less  than  one  ordinary  band.  From  the  total  length 
of  a  complete  set  of  sahvary  chromosomes  it  could  then  be  readily 
reckoned  that  there  would  be  room  for  some  8000  such  genes,  if  they  w^ere 
similarly  spaced  throughout,  while  if  they  were  contained  only  in  the 
chromatic  regions  there  would  be  some  3000.  These  estimates  of  gene 
number,  divided  into  the  size  of  one  complete  set  of  chromosomes  when 
it  is  most  condensed  (as  at  mitosis  or  in  spermatozoa),  gave  maximum 
estimates  for  gene  volume  (Muller,  1935a).  The  approximation  figures 
for  gene  number  thus  arrived  at  (and  therefore  also  those  for  size)  proved 
to  be  in  satisfactory  agreement  with  estimates  of  gene  number  (and  size) 
obtained  by  two  quite  independent  methods,  which  involved  a  larger  risk 
of  error.  One  of  these  methods  was  based  on  the  minimum  "map  dis- 
tance" found  between  genes  in  representative  portions  of  the  genetic 
linkage  diagrams.  The  other  was  based  on  the  frequencies  with  which 
gene  mutations  recurred  in  the  same  locus,  as  compared  with  the  fre- 
quencies of  gene  mutations  in  different  loci.  In  some  of  the  applications 
of  the  latter  method,  also,  radiation  had  been  used  for  the  production  of 
the  gene  mutations  studied. 

Radiation  genetics  has  provided  evidence  not  only  concerning  the 
manner  of  subdivision  of  the  genetic  material  along  the  chromosome,  i.e., 
in  a  longitudinal  direction,  but  also  concerning  its  possible  compoundness 
in  a  transverse  direction.  In  fact,  the  obtaining  of  evidence  on  this  ques- 
tion, at  a  time  when  it  was  thought  that  the  gene  might  be  composed  of 
several  or  many  identical  units,  termed  "genomeres"  (Muller,  1926b, 
formed  one  of  the  principal  motives  for  the  present  writer's  first  work 
on  the  production  of  mutations  by  radiation  (1927,  1928a,  b,  d).     For  if; 
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as  seems  most  likely,  a  mutational  change  involves  only  a  single  genetic 
element  at  a  time,  then  if  the  gene  before  its  mutation  is  compounded  of 
several  identical  parts,  one  of  which  mutates,  it  should  follow  that  suc- 
cessive reproductions  of  the  parts  and  their  distribution  at  the  consequent 
mitoses  will  result  in  a  mosaic  of  cells,  some  of  which  will  contain  elements 
of  that  gene  all  of  which  are  mutant  and  others  elements  all  of  which  are 
normal.  In  contrast  to  this,  no  such  patchwork  of  mutant  and  normal 
tissues  could  be  found  in  the  case  of  visibly  expressed  mutations,  in 
individuals  derived  from  irradiated  spermatozoa.  Nor  did  there  seem 
to  be  any  such  long-delayed  production  of  stable  mutations  (representing 
genes  which  had  come  to  receive  elements  all  of  which  were  mutant)  as 
this  view  would  call  for.  It  was  accordingly  concluded  that  the  entire 
gene  constituted  a  unitary  (though  complex)  rather  than  a  compound 
organization,  and  that  the  genetic  material  of  the  chromosome  thread,  in 
the  Drosophila  spermatozoon  at  least,  was  probably  single. 

Perhaps  the  most  important  finding  in  the  work  on  the  production  of 
gene  mutations  by  radiation,  as  far  as  its  bearing  on  theoretical  genetics, 
evolution  study,  and  general  biology  is  concerned,  is  that,  as  pointed  out 
on  pp.  39-1-395,  the  mutations  bear  so  much  resemblance  to  those  which 
occur  spontaneously,  and  have  such  a  similar  even  though  not  always 
identical  distribution  and  relative  incidence  of  the  different  phenotypic 
effects.  Since  the  production  by  radiation  of  one  rather  than  another 
mutation  on  any  given  occasion  must  have  been  determined  by  factors 
involving  the  physical  distribution  of  ionizations  or  excitations,  and 
since  these  events  must  have  been  accidental,  in  the  sense  of  being 
unregulated  by  the  organism  itself,  it  became  reasonable  to  conclude  that 
the  spontaneous  mutations,  inasmuch  as  they  so  resemble  those  produced 
by  radiation  both  in  types  and  manner  of  incidence,  must  be  similarly 
accidental  in  their  origination,  rather  than  representing  any  sort  of 
adaptive  biological  response  to  given  conditions.  In  this  way  the  radia- 
tion results  provided  significant  support  to  the  theory  of  fortuitous  genetic 
variation,  which  has  as  its  corollary  the  conclusion  that  natural  selection 
constitutes  the  guiding  factor  in  the  genesis  of  adaptations,  and  hence  in 
biological  evolution  in  general,  as  Darwin  proposed  (Muller,  1929,  1947). 

In  many  cases  radiation  has  been  used  for  the  purpose  of  furnishing 
mutant  genes  to  serve  as  "markers"  in  the  making  of  genetic  maps,  for 
such  maps,  together  with  the  stocks  containing  the  genes  shown  in  them, 
then  prove  useful  in  further  genetic  studies  of  varied  kinds.  In  several 
such  instances  the  investigator  has  thereby  been  put  into  a  position  in 
which  it  was  possible  for  him,  in  the  given  organism,  to  establish  new 
principles  of  genetics,  which  the  other  organisms  used  in  genetic  work 
were  not  adapted  to  reveal.  One  case  of  this  kind  is  the  elucidation,  by 
P.  W.  Whiting  (1940,  1943),  of  a  hitherto  unknown  mechanism  of  sex 
determination,    that    in    Habrohracon    and    probably    in    various    other 
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Hymenoptera.  In  Habrobracon  the  addition  of  radiation-induced  gene 
mutations  to  the  spontaneous  ones  allowed  the  genetic  "marking"  of  all 
the  chromosomes.  This  provided  a  means  of  proving  that  only  one  of 
the  chromosomes  of  any  set,  and  its  homologue  in  other  sets,  was  sex- 
determining.  More  intensive  study  of  this  chromosome  then  established 
the  fact  that  it  existed  not  in  two  but  in  multiple  forms,  any  two  of  which 
together  resulted,  by  a  complementary  action,  in  the  female  sex,  whereas 
one  kind  by  itself  resulted  in  the  male.  Another  case  is  that  of  the  work- 
ing out  of  the  system  of  Mendelian,  chromosomal  heredity  present  in 
E.  coli,  by  Lederberg  (1947)  and  Lederberg  et  al.  (1952),  through  studies 
of  the  linkage  relations  of  mutant  genes  most  of  which  were  produced 
by  radiation.  This  in  turn  has  served  as  the  necessary  basis  for  the 
establishment  in  these  bacteria  of  a  number  of  important  genetic  princi- 
ples, of  a  hitherto  unique  type.  In  other  cases  such  work  has  facilitated 
genetic  comparisons  between  species,  for  the  purpose  of  determining  the 
types  of  changes  undergone  by  them  in  their  evolutionary  divergence 
from  common  ancestors. 

The  utility  of  radiation  for  making  surveys  of  the  distribution  of  gene 
mutations  in  the  germ  plasm  as  a  whole,  and  also  for  the  intensive  study 
of  the  mutational  potentialities  of  individual  genes,  is  obvious.  Work  of 
both  these  types  has  thus  far  been  carried  furthest  in  Drosophila  and 
maize,  but  results  along  both  lines  in  Neurospora  and  mice  are  also  becom- 
ing impressive.  It  would  require  too  much  of  a  digression  even  to  sum- 
marize them  here,  though  with  regard  to  the  first  line  of  attack  reference 
may  again  be  made  to  the  studies  on  the  relative  freciuencies  of  different 
phenotypic  classes  of  mutations  (e.g.,  lethals,  detrimentals,  visibles). 
As  for  the  intensive  studies  of  individual  loci,  the  most  detailed  work, 
such  as  that  on  the  scute,  white,  dumpy,  lozenge,  bithorax,  and  Stubble 
loci  or  groups  of  loci  in  Drosophila  and  on  the  A  locus  in  maize,  have 
demonstrated  the  high  complexity  of  some  of  these  genes,  as  evidenced  by 
the  number  of  different  alleles  they  could  form  and  the  diverse  directions 
the  mutations  of  one  gene  could  take.  The  same  work  also  showed  that 
different  parts  or  operational  features  may  undergo  alteration  separately 
from  one  another  in  some  mutations,  and  together  in  other  mutations  of 
the  same  locus  or  group  of  loci.  This  was  true  both  of  radiation-induced 
and  spontaneous  mutations.  The  qualification,  mentioned  on  p.  411, 
should  here  be  repeated,  however,  that  ionizing  radiation  in  maize 
(unlike  ultraviolet  in  maize  and  Drosophila,  and  unlike  ionizing  radiation 
itself  in  Drosophila)  seemed  to  give  only  complete  deficiencies  of  one  or 
more  loci,  when  a  given  locus  (A)  was  chosen  for  observation  (Stadler, 
1941;  Stadler  and  Roman,  1948). 

The  term  "group  of  loci"  was  used  advisedly  in  the  foregoing  para- 
graph since  some  of  the  induced  mutations  at  first  thought  to  be  allelic, 
in  the  sense  of  consisting  of  changes  of  the  same  gene,  proved  to  be  muta- 
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tions,  similar  in  their  effects,  of  separate  but  very  closely  neighboring 
genes.  Although  these  have  usually  been  interpreted  as  ''duplicate 
loci,"  descended  from  a  common  ancestral  locus  that  had  undergone  a 
duplication  which  became  established  in  the  evolution  of  the  normal  type, 
it  seems  probable  that  some  of  them  are  cases  in  which  two  essentially 
different  but  neighboring  genes  interact  through  a  position  effect.  How- 
ever, in  one  case  at  least,  that  of  "scute"  and  its  neighbor  gene  ''achaete," 
it  was  possible  to  prove  by  means  of  radiation-induced  structural  changes 
that  the  two  loci  are  able  to  exert  most  of  their  characteristic  effects  even 
when  they  are  widely  separated  from  one  another.  In  this  case  then  the 
evidence  of  their  origination  by  duplication  is  convincing.  The  present- 
day  difference  in  their  normal  function,  and  in  their  mutational  potential- 
ities, illustrates  well  the  mutational  differentiations  which  such  dupli- 
cated loci  tend  to  undergo  in  the  course  of  their  evolution  subsequent  to 
the  duplication.  Another  very  instructive  example  of  this  kind  is 
furnished  by  the  loci  for  sperm  motility  present  in  the  Y  chromosome. 
It  was  shown  in  ingenious  work  of  Neuhaus  (1939),  utilizing  the  position 
effects  of  a  large  series  of  radiation-induced  translocations  involving 
breaks  at  slightly  different  positions  in  the  Y  chromosome,  that  there  are 
over  a  dozen  different  but  related  genes  in  that  chromosome,  the  com- 
bined action  of  all  of  which  is  necessary  for  sperm  motility.  These  genes 
must  have  arisen  through  repeated  duplications  of  a  common  ancestral 
gene,  and  after  duplication  have  undergone  mutually  complementary 
mvitational  differentiations. 

It  was  also  proved  by  fragmentation  of  the  X  chromosome  of  Dro- 
sophila,  brought  about  by  application  of  X  rays,  that  this  chromosome 
contains  a  considerable  number  of  loci  which  act  cumulatively  in  sex 
determination  (Muller  and  Stone,  1930;  Patterson,  1931a;  Dobzhansky 
and  Schultz,  1931,  1934;  Muller,  1932a;  Patterson,  Stone,  and  Bedichek, 
1937).  It  can,  however,  be  inferred  on  evolutionary  grounds  that  there 
was  at  first  only  one  such  locus.  The  present  multiple  condition  could 
hardly  have  arisen  exclusively  by  duplication  of  that  locus,  since  this,  at 
the  first  such  step,  would  have  given  one  X  chromosome  the  potency  of 
two  and  so  would  have  upset  the  whole  sex-determining  mechanism.  It 
is  therefore  necessary  to  conclude  that  there  was,  to  some  extent,  a  dis- 
persal of  the  sex-determining  function  over  a  number  of  different  genes, 
by  means  of  gene  mutations  in  them  (Muller,  1939a) ;  the  original  sex- 
determining  gene  must  meanwhile  have  diminished  in  its  potency,  in  a 
number  of  steps.  Thus,  as  with  the  sperm  motility  gene  of  the  Y  chromo- 
some, but  by  a  mechanism  to  some  extent  different,  the  entire  collection 
of  these  genes  finally  became  necessary  in  order  to  fulfill  completely  the 
function  originally  carried  out  by  one  gene. 

An  example  of  a  very  different  method  whereby  the  production  of 
chromosome  breakage  by  radiation  has  made  it  possible  to  obtain  evi- 
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dence  concerning  what  has  happened  to  genes  in  the  course  of  their  past 
evokition  is  furnished  by  studies  by  the  present  writer  and  Pontecorvo 
(Muller  and  Pontecorvo,  1940,  1942a)  of  the  effects  of  substituting 
given  chromosomes  of  Drosophila  simulans  in  the  place  of  their  D. 
melanog aster  homologues,  in  an  otherwise  D.  melanogaster  genotype. 
Natural  hybrids  between  these  two  species  are  always  sterile.  Hence 
the  species  are  essentially  unmixable,  in  the  sense  that  natural  recom- 
binants between  them  cannot  be  obtained,  and  the  gene  differences 
between  them  would  therefore  appear  to  be  unanalyzable.  However,  it 
was  found  possible  to  circumvent  this  difficulty  by  heavily  irradiating 
D.  simulans  males  and  then  crossing  them  to  triploid  D.  melanogaster 
females,  all  of  whose  pairs  of  chromosomes  had  been  made  homozygous 
for  recessive  "marker"  genes.  In  this  way  zygotes  could  be  formed, 
and  recognized  by  their  markers,  in  which  one  or  more  chromosome-pairs 
were  species-heterozygotes  and  the  rest  homozygously  of  melanogaster 
origin,  just  as  if  these  zygotes  had  been  second-generation  individuals 
that  had  arisen  through  the  impossible  cross  of  a  sterile  hybrid  male  back 
to  a  marked  ynelanogaster  female.  The  homozygous  melanogaster  pairs  of 
chromosomes  in  such  individuals  arose  from  the  fact  that  the  egg  had  in 
these  cases  received  two  of  these  chromosomes  from  the  triploid  mother 
while  the  homologous  simulans  chromosome  of  the  sperm  had  been  broken 
by  radiation  and  lost  by  the  fusion-bridge  sequence. 

By  noting  which  recombination  types  survived  and  what  characteristics 
they  had,  various  deductions  could  then  be  made  concerning  the  roles 
played  by  the  genes  in  different  chromosomes  in  the  production  of  hybrid 
sterility,  low  viability,  and  morphological  abnormalities.  It  was  at  the 
same  time  proved  that  the  species  differences  responsible  for  all  these 
effects  had  their  genetic  bases  located  in  the  chromosomes,  there  being  no 
cytoplasmically  located  genetic  residuum  for  the  given  effects.  More- 
over, through  the  lucky  case  of  a  fertile  hybrid,  all  of  whose  major 
chromosomes  had  been  derived  from  melanogaster,  the  transfer  of  the 
small  fourth  chromosome  into  an  otherwise  melanogaster  stock  was 
accomplished.  Through  the  more  intensive  study  of  this  "  introgressive 
hybrid"  stock,  the  prevalence  of  interspecific  gene  differences  more 
cryptic  in  their  expression  than  those  dealt  with  above,  but  also  chromo- 
somal in  their  location,  was  then  demonstrated. 

The  above  experiments  represent,  in  a  way,  a  further  extension  of  the 
technique  used  in  those  investigations — ranging  from  the  early  ones  of  the 
Hertwigs  (e.g.,  G.  Hertwig,  1911;  P.  Hertwig,  1917)  to  the  recent  ones  of 
A.  R.  Whiting  (1948) — in  which  the  loss  of  the  entire  complement  of 
chromosomes  in  the  sperm  or  egg,  induced  by  heavy  irradiation,  has 
resulted  in  genetic  uniparentalism  of  the  maternal  and  paternal  types, 
respectively,  according  to  whether  male  or  female  gametes  had  been 
treated.     These  effects  have  been  produced  in  both  intra-  and  inter- 
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specific  matings.  They  allow  deductions  regarding  the  time  and  manner 
of  onset,  in  the  embryo,  of  effects  traceable  to  the  genes  introduced  by 
spermatozoa,  and  regarding  the  interaction  of  these  with  the  stored 
gene  products  derived  from  the  chromosomes  which  had  been  present  in 
the  egg  and  in  the  surrounding  soma  before  fertilization. 

This  account  far  from  exhausts  the  varied  ways  in  which  the  production 
of  genetic  changes  by  radiation  has  already  been  used  for  throwing  light 
on  questions  of  genetics  and  evolution.  Thus,  in  the  Drosophila  work, 
both  the  gene  mutations  and  structural  changes  so  obtained  have  vastly 
increased  the  number  and  diversity  of  genetic  tools  available  for  the 
attack  on  problems  of  the  most  diverse  types.  In  many  cases  these  tools 
have  been  constructed  to  order.  For,  even  though  no  control  can  be 
exercised  over  the  type  of  mutation  that  will  occur  in  any  given  germ  cell, 
nevertheless  mutations  can  be  produced  in  such  abundance  that,  with  a 
suitable  genetic  setup  for  the  detection  of  given,  desired  types  of  mutants, 
it  is  often  practicable  to  carry  through  operations  expressly  designed  for 
finding  changes  of  these  particular  types.  The  latter  can  then  be  recom- 
bined,  by  crossing,  into  a  variety  of  arrangements,  useful  for  diverse 
types  of  investigation.  Similarly,  in  maize,  Anderson  and  Randolph 
(1945)  have  produced  translocations  by  irradiation  and  thereby  "tagged" 
given  chromosomes  in  order  to  follow  and  control  the  distribution  of 
genes  useful  in  practical  breeding  and  in  investigation.  In  silkworms, 
Tazima  (in  press)  has  by  inducing  deletions  elucidated  sex  determination. 

Many  important  stocks  of  Drosophila  contain  recessive  lethal,  near- 
lethal  or  sterilizing  genes  or  gene  combinations  which  it  is  desired  to 
preserve.  Since  these  cannot  be  bred  as  homozygotes,  continual  selec- 
tion of  the  appropriate  individuals  would  be  recjuired,  unless  there  was  a 
genetic  "balancing"  arrangement  present  which  resulted  in  the  death  or 
sterilization  of  individuals  not  carrying  the  desired  gene  or  genes  as  well 
as  of  those  homozygous  for  them.  This  balancing  is  accomplished  by 
the  introduction  of  one  or  more  lethals  or  steriles  into  the  chromosome 
homologous  to  that  carrying  the  desired  gene  or  genes,  and  it  is  usually 
necessary  also  to  have  one  or  more  inversions  present,  heterozygously, 
which  will  effectively  prevent  crossover  individuals,  free  from  the  lethals 
or  steriles,  from  being  produced.  Varied  "balancing  chromosomes," 
equipped  with  the  required  lethals  or  steriles  and  also  with  suitable 
inversions,  have  been  provided  by  irradiation,  some  of  them  in  work 
designed  for  obtaining  them.  Thus  the  maintenance  of  Drosophila 
stocks  of  most  of  the  desired  types  has  been  rendered  automatic,  in  the 
sense  that  no  artificial  selection  is  required,  and  the  number  of  stocks 
which  it  is  feasible  to  keep  has  thereby  been  greatly  increased. 

In  addition  to  their  use  in  the  mere  maintenance  of  stocks,  such  "bal- 
ancing chromosomes"  of  Drosophila,  most  of  which  owe  their  origin  in 
part  at  least  to  radiation,  are  increasingly  being  put  together  in  combina- 
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tions,  some  of  them  very  elaborate,  which  provide  precisely  designed 
genetic  machinery,  of  varied  types,  for  use  in  the  more  or  less  automatic 
carrying  out  of  given  genetic  operations  that  reciuire  repetition  on  a  mass 
scale.  For  example,  in  the  finding  of  lethal  and  other  mutations  in  the 
second  chromosome,  a  task  which  reciuires  breeding  as  far  as  the  third 
filial  generation,  the  chief  factor  which  in  the  past  limited  the  scale  on 
which  any  such  work  could  be  carried  out  was  the  necessity  for  obtaining 
virgin  females  of  a  particular  kind  from  each  of  the  numerous  second- 
generation  cultures,  for  breeding  with  males  from  the  same  culture,  so 
selected  as  to  have  second  chromosomes  of  the  same  kind  as  those  in  the 
females.  But  nowadays,  by  the  use  of  a  technique  involving  a  specially 
constructed  "sifter  stock"  (Muller,  1951b),  in  the  production  of  which 
radiation  was  employed  but  which  is  too  complicated  in  genetic  structure 
and  operation  to  be  described  here,  all  flies  of  the  second  filial  generation 
meet  with  genetic  death  before  maturity  except  the  females  and  males  of 
the  required  kind.  Thus  the  females  do  not  need  to  be  obtained  as 
virgins,  and  the  offspring  of  this  generation  need  merely  to  be  trans- 
ferred en  masse  to  new  cultures,  for  the  production  of  the  third  genera- 
tion; in  the  latter  generation  the  presence  of  the  mutations  being  sought 
for  is  readily  evident  on  inspection.  In  such  ways,  then,  the  genetic 
tools  provided  by  radiation  have  greatly  increased  the  productivity  of  a 
given  amount  of  work,  especially  in  the  fields  of  mutation  frequency  and 
of  the  frequency  of  mutant  genes  in  populations.  At  the  same  time  they 
have  made  it  possible  to  employ,  in  part  of  that  work,  less  highly  skilled 
assistants  than  were  formerly  necessary  for  it. 

24-3.  Fields  of  Development,  Physiology,  Pathology,  and  Biochemistry. 
Not  only  problems  of  genetics  proper  and  of  evolution,  but  also  those  of 
development,  have  had  Ught  thrown  upon  them  by  making  use  of  the 
genetic  effects  of  radiation.  One  such  line  of  attack  is  concerned  with 
the  tracing  of  the  cell  lineage  of  parts  of  the  body,  and  with  the  degree  of 
autonomy  with  which  given  characters  develop.  This  is  well  illustrated 
in  Patterson's  (1929)  experiments  in  irradiating  the  embryos  and  larvae 
of  Drosophila  which  were  heterozygous  for  the  recessive  gene  for  white 
eye.  In  these  experiments  observations  of  the  size,  shape  and  position 
of  the  resulting  white  spots  in  the  eyes  of  the  adult  flies — spots  now  known 
to  have  been  produced,  in  the  great  majority  of  cases,  by  somatic  crossing 
over  (Muller,  1941;  Auerbach,  1945) — showed  that  the  cells  of  the  optic 
anlagen  divide  approximately  once  in  12  hours,  up  to  a  given  stage.  The 
observations  showed,  further,  that  the  region  of  the  eye  which  a  given 
cell  is  to  form  is  indeterminate  except  that  the  descendant  cells  tend  to 
remain  together  in  a  group,  and  that  the  pigment  develops  autonomously 
in  this  case,  i.e.,  its  development  or  nonde\-elopment  is  determined  by 
whether  or  not  the  given  cell  contains  the  normal  allele  of  white,  regard- 
less of  which  allele  the  neighbor  cells  contain.     Similar  work,  involving 
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other  parts  of  the  body,  has  been  carried  out  with  other  characters, 
inchiding  those  associated  with  a  difference  in  sex.  In  some  cases  the 
technique  has  involved  the  breakage  and  loss  of  an  entire  chromosome  by 
treatment  either  before  or  after  fertilization;  ring  chromosomes  are 
especially  suitable  for  this  purpose. 

Inasmuch  as  the  inhibition,  by  radiation,  of  those  processes  of  growth, 
differentiation,  and  regeneration  which  require  cell  division  is  probably 
caused  by  the  damaging  action  of  structural  changes  of  chromosomes  on 
the  cells  descended  from  the  irradiated  ones  (as  noted  in  Sect.  10),  any 
morphogenetic  or  other  developmental  studies  employing  radiation  in 
this  capacity  constitute  illustrations  of  one  type  of  use  to  which  the 
genetic  effects  of  radiation  are  put  for  the  investigation  of  developmental 
processes.  This  method  has  proved  a  fruitful  one  in  the  hands  of  experi- 
mental embryologists,  especially  when  the  application  of  the  radiation 
has  been  limited  in  space  and  time  to  certain  parts  and  stages  (e.g. 
blastemas),  whose  influence  on  a  given  developmental  reaction  can 
thereby  be  traced.  The  method  is  likewise  useful  in  the  study  of  some 
physiological  processes  of  the  adult  which  depend  upon  the  proliferation 
of  given  cells  (e.g.,  those  of  the  hematopoietic  system),  since  it  makes 
possible  the  study  of  the  consequences  of  reducing  the  effective  numbers 
of  these  cells. 

Potentially  by  far  the  most  analytical  use  to  which  the  production  of 
genetic  changes  by  radiation  may  be  put  in  studies  of  developmental 
processes  is  through  its  pro^'ision  of  mutant  genes,  the  effects  of  which  on 
development  are  then  traced  in  detail.  A  great  many  studies  of  the 
ways  in  w^hich  given  mutant  genes  influence  development — a  field  of 
ingestigation  known  as  ''developmental  genetics" — have  been  carried 
out  in  Drosophila  and  other  small  organisms  commonly  used  in  genetic 
work,  and  a  few,  of  considerable  interest,  in  mice  and  poultry.  Although 
hitherto  genes  which  arose  by  spontaneous  mutation  have  usually  been 
employed,  it  is  to  be  expected  that,  with  the  increasing  use  of  radiation  to 
produce  mutations,  in  higher  as  well  as  in  lower  forms,  the  genes  which 
are  obtained  in  this  way  will  furnish  an  ever  larger  portion  of  the  material 
for  such  work.  The  field  is  a  virtually  unlimited  one  since,  theoretically, 
the  method  could  be  applied  for  each  of  the  thousands  of  different  genes 
capable  of  mutating,  and  even  for  each  of  the  different  mutant  alleles 
of  these  genes.  Moreover,  it  can  be  used  for  gene  combinations,  in  the 
study  of  the  effects  of  gene  interactions,  as  well  as  in  combination  with 
varied  environmental  conditions  and  artificial  techniques.  In  fact,  in 
the  face  of  this  overwhelming  wealth  of  possibilities,  the  greatest  prob- 
lem may  be  the  proper  selection  of  those  types  of  gene  effect  for  study 
which  involve  the  more  basic  and  significant  processes.  For  although  a 
complete  knowledge  of  developmental  reactions  requires  the  eventual 
study  of  all  gene  effects,  it  is  evident  that  the  study  of  most  of  these 
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effects  must  remain  on  a  superficial  level  until  the  outlines  of  the  more 
underlying  developmental  reactions  have  been  brought  to  light.  In  our 
ignorance  of  the  latter,  most  present  attempts  along  these  lines  are  neces- 
sarily exploratory  in  character  and  their  results  must  long  remain 
disconnected. 

Developmental  reactions  are  of  course  physiological,  in  the  broader  and 
at  the  same  time  more  accurate  meaning  of  that  term.  Moreover,  the 
recognized  physiological  processes  of  the  adult  are  resultants  of  develop- 
mental ones  which  preceded  them,  and  some  of  which  are  still  necessary 
for  their  maintenance,  or  for  their  gradual  change  in  the  course  of  aging. 
Thus  the  activities  with  which  the  physiologist  deals  are  as  much  depend- 
ent, in  the  end,  upon  genes  and  their  interactions  as  are  those  studied  by 
the  embryologist,  and  they  are  similarly  susceptible  to  analysis  through 
the  intensive  investigation  of  the  processes  in  question  in  individuals 
having  given  mutant  genes,  and  the  comparison  of  these  results  with  the 
corresponding  ones  obtained  in  normal  or  other  genetically  contrasting 
individuals.  Illustrations  of  some  well-known  studies  of  this  kind  in 
man  are  to  be  found  in  the  investigations  of  myasthenia  gravis,  hemo- 
philia, and  pancreatic  fibrosis.  Such  work  helps  to  elucidate  not  merely 
the  pathological  processes  themselves  but,  as  the  other  side  of  the  medal, 
the  normal  mechanisms  which  are  in  these  cases  deranged.  Although 
these  hereditary  conditions  in  man  arose,  of  course,  by  spontaneous 
mutation,  it  is  to  be  expected  that,  in  laboratory  organisms,  the  induc- 
tion of  such  changes  by  radiation  will  play  an  increasing  role  here  just  as 
in  the  more  strictly  "developmental"  studies.  In  fact,  in  one  field  of 
pathology,  the  study  of  tumors,  radiation  has  already  been  found  useful 
for  obtaining,  in  Drosophila,  genes  giving  rise  to  varied  kinds  of  tumorous 
growths,  which  have  provided  material  for  the  study  of  the  development 
of  such  structures  under  different  conditions. 

Underlying  and  participating  in  all  developmental  and  physiological 
processes,  as  well  as  all  pathological  ones,  are  biochemical  reactions,  and 
it  is  of  course  these  which  constitute  the  most  fundamental  field  of  opera- 
tions for  the  investigation  of  the  more  proximate  effects  of  genes — those 
effects  on  which  and  out  of  which  all  phenomena  dealt  mth  by  the 
biologist  proper  and  by  the  medical  man  are  built.  In  other  words, 
whether  a  given  activity  of  an  organism  is  called  biochemical  or  not 
merely  depends  on  the  kind  of  equipment  by  which  and  the  level  of 
analysis  on  which  it  is  being  regarded.  To  quote  an  earlier  statement  by 
the  present  writer  (1933): 

,  .  .  each  gene  must  be  considered  as  producing  its  own  specific  chemical 
material  in  the  cell,  as  distinctive  in  its  composition  as  insulin  or  thyroxin  are, 
.  .  .  even  though  most  of  these  materials  do  not  circulate  through  the  blood  as 
hormones,  and  have  not  been  extracted,  but  remain  within  the  cells  in  which  they 
are  produced  by  the  activities  of  the  genes.     It  is  a  task  for  the  future  to  deter- 
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mine  the  composition  of  all  these  substances  and  the  nature  of  the  complicated 
interactions  whereby  they  cooperate  to  make  the  organism  what  it  is.  .  .  .  It  is 
evident  that  one  chief  method  of  attack  in  this  new  type  of  physiologic  analysis, 
a  method  which  must  be  of  high  eventual  im])ortance  to  pathology,  as  well  as  to 
physiology  and  embryology,  would  be  the  alteration  or  the  excision  of  individual 
genes,  one  at  a  time,  out  of  these  thousands  of  genes,  followed  by  intensive 
embryologic,  physiologic  and  physicochemical  study  of  the  effects  thereby 
produced  on  the  organism.  In  other  words,  if  we  had  the  abihty  to  change  indi- 
vidual genes  we  should  have,  in  effect,  a  scalpel  or  an  injecting  needle  of  ultra- 
microscopic  nicety,  wherewith  to  conduct  the  most  refined  kind  of  vivisection  or 
biochemical  experiments  on  our  experimental  animals,  not  experiments  in  which 
gross  parts  are  removed,  injected,  or  otherwise  changed,  but  experiments  in 
which  the  finest,  most  fundamental  elements  of  the  body  fabric  are  separately 
attacked.  .  .  .  Changes  in  the  genes  which  have  arisen  spontaneously  and  are 
already  at  hand  can  of  course  be  used  in  such  a  study,  but  many  of  the  most 
instructive  types  of  these  have  already  been  largely  weeded  out  by  a  process  of 
.  .  .  natural  selection,  before  we  can  find  the  individuals  containing  them,  while 
many  of  those  still  existing  lie  scattered  far  apart  and  concealed.  .  .  .  Hence  the 
question  of  the  production  of  changes  in  the  hereditary  material  by  means  of 
roentgen  or  radium  rays  becomes  all  the  more  urgent. 

Since  the  time  v/hen  this  was  written,  the  method  of  utilizing  the 
differences  of  reaction  provided  by  mutant  genes  has  had  its  greatest 
success  at  the  biochemical  level  of  investigation,  and  it  is  here  that  genes 
intentionally  produced  by  irradiation  have  been  employed  most  exten- 
sively for  gaining  further  insights  into  the  nature  of  some  of  the  basic 
processes  occurring  in  the  protoplasm  of  organisms.  Before  the  rise  of 
the  radiation  technique  and  to  a  lesser  extent  afterwards,  spontaneous 
mutations  were  employed  in  such  studies.  Examples  are  the  work  of 
Scott-Moncrieff ,  Robinson,  and  others,  on  the  biochemical  steps  involved 
in  the  synthesis  of  flower  pigments,  that  of  Ephrussi  and  Beadle,  of 
Klihn,  and  of  others  on  the  synthesis  of  insect  eye  pigments,  studies  of 
Onslow  and  of  a  number  of  other  investigators  on  the  biochemical 
genetics  of  mammalian  coat  color,  and  observations  of  Penrose,  Garrod, 
and  other  medical  geneticists  on  the  group  of  oxidative  processes  in  man 
which  are  affected  in  hereditary  cases  of  such  conditions  as  phenyl- 
pyruvic  amentia  and  alkaptonuria.  But  since  the  employment  of  radia- 
tion in  genetics  has  become  more  widespread,  the  attack  along  these  lines 
has  been  greatly  extended  and  facilitated  by  the  aid  of  the  mutations  thus 
produced.  It  is  natural  that,  thus  far,  the  work  with  the  radiation  muta- 
tions has  been  carried  on  mainly  with  microorganisms,  since,  as  noted 
previously,  this  is  the  type  of  material  which  yields  returns  along  such 
lines  most  quickly  and  economically. 

This  is  not  the  place  to  review  the  important  results  obtained  by  the 
application  of  this  mode  of  investigation  to  the  mold  Neurospora  by 
Beadle,  Tatum,  Horowitz,  Bonner,  and  their  associates,  the  pioneers  in 
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this  field,  or  to  other  fungi  and  to  bacteria  by  numerous  other  workers. 
Until  now,  the  methods  used  by  them  for  detecting  "biochemical 
mutants"  have  focused  attention  chiefly  on  gene  changes  which  affect  the 
ability  of  the  given  organisms  (which  are  in  most  respects  "autotrophic") 
to  synthesize  those  organic  substances  which  in  most  animals  must  be 
supplied  ready  made,  such  as  amino  acids,  vitamins,  purines,  and  pyrimi- 
dines.  Considerable  advances  have  thereby  been  made  already  in  trac- 
ing the  complicated  courses  of  synthesis  of  these  materials,  despite  the 
fact  that  the  view  of  each  enzyme  being  the  product  of  one  particular 
gene  is  proving  to  have  been  a  serious  oversimplification  (Bonner,  1952), 
just  as  was  the  view  of  some  early  geneticists  that  all  "characters"  what- 
soever of  the  organism  bear  a  one-to-one  relation  to  their  genes.  Such  an 
interpretation  is  entirely  unnecessary  to  the  dramatic  success  which  the 
method  has  achieved  in  unraveling  biochemical  reaction  chains  and  net- 
works, and  not  only  cell  physiology  but  even  organic  chemistry  proper  is 
falling  in  debt  to  this  work. 

Even  at  that,  the  possibilities  of  analysis  of  the  metabolic  processes 
common  to  higher  organisms  in  general — including  the  holozoic  ones — 
have  as  yet  scarcely  been  scratched.  They  await  the  devising  of  methods 
of  detecting,  preserving  despite  themselves,  and  studying  the  biochemical 
effects  of  those  still  more  numerous  lethal  and  detrimental  genes  which 
have  to  do,  not  with  the  synthesis  of  the  so-called  "food  constituents," 
but  with  the  carrying  on  of  anabolism  and  catabohsm  from  that  point 
forward.  And  beyond  these  more  general  and  widely  distributed  bio- 
chemical reactions,  in  turn,  lie  the  vast  multitude  of  more  special  ones 
which  serve  in  those  processes  of  development,  differentiation,  and  main- 
tenance whereby  each  phylum,  class,  and  even  species  is  distinguished 
from  the  others.  Here  the  studies  of  biochemistry,  physiology,  morpho- 
genesis, and  evolution  meet.  Here  the  subtlest  tool  of  genetics — gene 
mutation — must  constitute  the  major  as  well  as  the  most  delicate  instru- 
ment. And  in  the  provision  of  these  gene  mutations  will  be  found  the 
most  important  contribution  which  radiation  can  make  in  the  solution 
of  the  problems  of  the  biochemist  and  the  biologist  proper,  as  distin- 
guished from  those  of  the  geneticist  himself. 

REFERENCES 

(Information  on  availability  of  government  reports  indicated  by  an  asterisk  may  be 
obtained  from  the  Office  of  Technical  Services,  Department  of  Commerce, 

Washington,  D.C.) 

Altenburg,    E.    (19.30)     The    effect    of    ultraviolet    radiation    on    mutation.     Anat. 

Record,  47:  383. 
and  H.  J.  Muller  (1920).     The  genetic  basis  of  truncate  wing — an  inconstant 

and  modifiable  character  in  Drosophila.     Genetics,  5:  1-59. 
Anderson,  E.  G.,  and  L.  F.  Randolph   (1945)     Location  of  the  centromeres  on  the 

linkage  maps  of  maize.     Genetics,  30:  518-526. 


NATURE    OF   THE    GENETIC    EFFECTS  463 

Auerbach,  C.  (1940)  Tests  of  carcinogenic  substances  in  relation  to  the  production 
of  mutations  in  Drosophila  melanogaster .  Proc.  Roy.  Soc.  Edinburgh,  B60:  164- 
173. 

(1945)     The  problem   of  chromosome  rearrangements   in   somatic   cells  of 

Drosophila  melanogaster.     Proc.  Roy.  Soc.  Edinburgh,  B62:  120-127. 

(1947)     The    induction    by    mustard    gas    of    chromosomal    instabilities    in 

Drosophila  melayiogasier.     Proc.  Roy.  Soc.  Edinburgh,  B62:  307-320. 

(1949a)     The  mutagenic  mode  of  action  of  formalin.     Science,  110:  419-420. 

(1949b)     Chemical    induction    of   mutations.     Proc.    8th    Intern.    Genetics 

Congr.,  Stockholm,  1948  (Hereditas  Suppl.),  pp.  128-147. 

(1949c)     Chemical  mutagenesis.     Biol.  Revs.  Cambridge  Phil.  Soc,  24:  355- 

391. 

(1951)     Some  recent  results  with  chemical  mutagens.     Hereditas,  37:  1-16. 

and  J.  M.  Robson  (1944)      Production  of  mutations  by  allyl  isothiocyanate. 

Nature,  154:  81. 

and (1946)     Chemical  production  of  mutations.     Nature,  157:  302. 

and  (1947a)     The  production  of  mutations  by  chemical  substances. 

Proc.  Roy.  Soc.  Edinburgh,  B62:  271-283. 
and  (1947b)     Tests  of  chemical  substances  for  mutagenic  action. 

Proc.  Roy.  Soc.  Edinburgh,  B62:  284-291. 
,   ,   and  J.   G.    Carr    (1947)     The  chemical   production  of  mutations. 


Science,  105:  243-247. 

Bauer,  H.  (1939)  Rontgenauslosung  von  Chromosomenmutationen  bei  Drosophila 
melanogaster.  I.  Bruchhaufigkeit,  Verteilung  und  Rekombination  nach  Spei- 
cheldrlisenuntersuchung.     Chromosoma,  1 :  343-390. 

,  M.  Demerec,  and  B.  P.  Kaufmann  (1938)  X-ray  induced  chromosomal  alter- 
ations in  Drosophila  melanogaster.     Genetics,  23:  610-630. 

Baur,  E.  (1924)  Untersuchungen  fiber  das  Wesen,  die  Entstehung  und  die  Vererbung 
von  Rassenunterscheidungen  bei  Antirrhinum  majus.  Bibliographia  Genetica, 
4:  1-170. 

Beadle,  G.  W.  (1932)  A  gene  for  sticky  chromosomes  in  Zea  mays.  Z.  indukt. 
Abstamm.-  u.  Vererbungslehre,  63:  195-217. 

Belgovsky,  M.  L.  (1937)  Dependence  of  translocation  frequency  in  Drosophila 
melanogaster  upon  the  X-ray  dosage.  Trudy  Inst.  Genetiki,  11:  93-124  (Rus- 
sian with  English  summary). 

and   H.   J.    Muller   (1938)     Further  evidence  of  the  prevalence  of  minute 

rearrangement  and  absence  of  simple  breakage  in  and  near  chromocentral  regions, 
and  its  bearing  on  the  mechanisms  of  mosaicism  and  rearrangement.  Genetics, 
23:  139-140. 

Berman,  Z.  I.  (1939)  Physiological  state  of  the  germ  cell  and  the  process  of  genetic 
variability.  Effect  of  X-rays  on  mutation  of  various  stages  of  the  spermato- 
genesis in  Drosophila  melanogaster.  Izvest.  Akad.  Nauk  SSSR  (Otd.  mat. -est., 
Ser.  biol.),  pp.  645-678  (Russian  with  English  summary). 

Bird,  M.  J.  (1949)     Research  note.     Drosophila  Inform.  Serv.,  23:  83-85. 

(1950)     Production  of  mutations  in  Drosophila  using  four  aryl-2-halogen- 

alkylamines.     Nature,  165:  491. 

(1951)      Chemical  mutagenesis.     Drosophila  Inform.  Serv.,  25:  100. 

(1952)      Chemical   production   of  mutations   in    Drosophila:   comparison   of 


techniques.     J.  Genetics,  50:  480-485. 

Birkina,  B.  N.  (1938)  The  effect  of  low  temperature  on  the  mutation  process  in  Dro- 
sophila melanogaster.     Biol.  Zhur.,  7:  653-660  (Russian  with  English  summary). 

Bonner,  D.  M.  (1952)  Gene  enzyme  relationships  in  Neurospora.  Cold  Spring 
Harbor  Symposia  Quant.  Biol.,  16:  143-157. 


464  RADIATION   BIOLOGY 

Boveri,   T.    (1914)     Zur  Frage  der   Entstehung  maligner  Tumoren.     Carl  Fischer, 
Jena,  64  pp. 

Boyland,  E.,  and  E.  S.  Horning  (1949)     The  induction  of  tumours  with  nitrogen  mus- 
tards.    Brit.  J.  Cancer,  3:  118-123. 

Bridges,  C.  B.  (1913)     Non-disjunction  of  the  sex  chromosomes  of  Drosophila.     J. 
Exptl.  ZooL,  15:  587-606. 

(1916)     Nondisjunction  as  proof  of  the  chromosome  theory  of  heredity.     I, 

II.  Genetics,  1:  1-52,  107-163. 

(1919)     The  developmental  stages  at  which  mutations  occur  in  the  germ 


tract.  Proc.  Soe.  Exptl.  Biol.  Med.,  17:  1-2. 
Buchmann,  W.,  and  N.  W.  Timofeeff-Ressovsky  (1935)  tjber  die  Wirkung  der 
Temperatur  auf  den  Mutationsprozess  bei  Drosophila  melanogaster.  II.  Behand- 
lung  der  Mfinnchen  mit  Temperaturschocks.  Z.  indukt.  Abstamm.-  u.  Verer- 
bungslehre,  70:  130-137. 

and  (1936)  tJber  die  Wirkung  der  Temperatur  auf  den  Mutations- 
prozess bei  Drosophila  melanogaster.  III.  Behandlung  der  Weibchen  mit  Tem- 
peraturschocks.    Z.  indukt.  Abstamm.- u.  Vererbungslehre,  71:  335-340. 

Burdette,  W.  J.  (1951)  A  method  for  determining  mutation  rate  and  tumor  incidence 
simultaneously.     Cancer  Research,  11:  552-554. 

Bushland,  R.  C,  and  D.  E.  Hopkins  (1951)  Experiments  with  screw-worm  {Calli- 
troga  americana)  flies  sterilized  by  X  rays.     J.  Econ.  EntomoL,  44:  725-731. 

Buzzati-Traverso,  A.  A.  (1951)  Natural  selection  under  increased  mutation  pres- 
sure in  Drosophila  vielanogaster  populations.     Drosophila  Inform.  Serv.,  25:  103. 

Catcheside,  D.  G.  (1938)  Frequency  of  induced  structural  changes  in  the  chromo- 
somes of  Drosophila.     J.  Genetics,  36:  307-320. 

(1939)     A  position  effect  in  Oenothera.     J.  Genetics,  38:  345-352. 

(1947)     The  P-locus  position  effect  in  Oenothera.     J.  Genetics,  48:  31-42. 

Clark,  A.  M.,  and  E.  M.  Kelly  (1950)     Differential  radiosensitivity  of  haploid  and 

diploid  prepupae  and  pupae  of  Hahrobracon.     Cancer  Research,  10:  348-352. 
Conger,  A.  D.  (1948)     The  cytogenetic  effect  of  sonic  energy  applied  simultaneously 
with  X-rays.     Proc.  Natl.  Acad.  Sci.  U.S.,  34:  470-474. 

and  L.  M.  Fairchild  (1952)     Breakage  of  chromosomes  by  oxygen.     Proc. 

Natl.  Acad.  Sci.  U.S.,  38:  289-299. 

Dauphin,  J.  (1904)      Influence  des  rayons  du  radium  sur  le  developpement  et  la  crois- 

sance  des  champignons  inferieurs.     Compt   rend.,  138:  154-156. 
Delbriick,    M.    (1935)     Uber   die    Natur   der    Genmutation   und   der    Genstruktur. 

Dritter  Teil:  Atomphysikalisches  Modell  der  Genmutation.     Nachr.  Ges.  Wiss. 

Gottingen  (Math.-physik.  Klasse,  Fachgruppen  VI.  Biol.),  N.F.  1:  223-234. 
Demerec,    M.    (1937)     A    mutability   stimulating   factor   in   the   Florida   stock   of 

Drosophila  melanogaster.     Genetics,  22:  190. 
,  G.  Bertani,  and  J.  Flint  (1951)     A  survey  of  chemicals  for  mutagenic  action 

on  E.  coli.     Am.  Naturalist,  85:  119-136. 
-,  B.  Wallace,  E.  M.  Witkin,  and  G.  Bertani  (1949)     The  gene.     Carnegie  Inst. 


Wash.  Year  Book,  48:  154-166. 
Dickey,  F.  H.,  G.  H.  Cleland,  and  C.  Lotz  (1949)     The  role  of  organic  peroxides  in 

the  induction  of  mutations.     Proc.  Natl.  Acad.  Sci.  U.S.,  35:  581-585. 
Dobzhansky,  T.  (1929)     Genetical  and  cytological  proof  of  translocations  involving 

the  third  and  fourth  chromosomes  of  Drosophila  melanogaster.     Biol.  Zentr.,  49: 

408-419. 

(1930a)     Cytological  map  of  the  second  chromosome  of  Drosophila  melano- 
gaster.    Biol.  Zentr.,  50:  671-685. 

(1930b)     Translocations  involving  the  third  and  the  fourth  chromosomes  of 


Drosophila  melanogaster.     Genetics,  15:  347-399. 


NATURE    OF    THE    GENETIC    EFFECTS  465 

(1931)     Translocations   involving   the   second   and   fourth   chromosomes   of 

Drosophila  melanogaster.     Genetics,  16:  629-658. 

(1932)      Cytological  map  of  the  X-chromosome  of  Drosophila  melanogaster. 

Biol.  Zentr.,  52:  493-509. 

—  and  J.  Schultz  (1931)     Evidence  for  multiple  sex  factors  in  the  X-chromosome 
of  Drosophila  melanogaster.     Proc.  Natl.  Acad.  Sci.  U.S.,  17:  513-518. 

—  and (1934)     The  distribution  of  sex-factors  in  the  X-chromosome  of 


Drosophila  melanogaster.     J.  Genetics,  28:  349-386. 
Dubinin,  N.  P.,  and  B.  N.  Sidorov  (1935)     The  position  effect  of  the  Hairy  gene. 

Biol.  Zhur.,  4:  555-568  (Russian  and  English  text). 
Dubovsky,  N.  V.   (1935)     On  the  question  of  comparative  mutability  of  stocks  of 

Drosophila  melanogaster  of  different  origins.     Compt.  rend.  acad.  sci.  U.R.S.S., 

4:  95-97. 
Foster,  R.  F.,  L.  R.  Donaldson,  A.  D.  Welander,  K.  Bonham,  and  A.  H.  Seymour 

(1949)     The  effect  on  embryos  and  young  of  rainbow  trout  from  exposing  the 

parent  fish  to  X-rays.     Growth,  13:  119-142. 
Friesen,  H.  (1933)     Artificially  induced  crossing-over  in  males  of  Drosophila  melano- 
gaster.    Science,  78:  513-514. 

(1936)     Spermatogoniales    Crossing-over    bei    Drosophila.     Z.    indukt.    Ab- 

stamm.-  u.  Vererbungslehre,  71:  501-526. 

Gager,  C.  S.  (1908a)  Effects  of  the  rays  of  radium  on  plants.  Mem.  N.Y.  Bot.  Gar- 
den, 4:  1-278. 

(1908b)     Effectsof  exposing  germ  cells  to  the  rays  of  radium.     Science,  27:  335. 

and  A.  F.  Blakeslee  (1927)  Chromosome  and  gene  mutations  in  Datura  fol- 
lowing exposure  to  radium  rays.     Proc.  Natl.  Acad.  Sci.  U.S.,  13:  75-79. 

Giles,  N.  H.,  Jr.  (1952)  Studies  on  the  mechanism  of  reversion  in  biochemical  mu- 
tants of  Neurospora  crassa.  Cold  Spring  Harbor  Symposia  Quant.  Biol.,  16: 
283-313. 

Glass,  H.  B.  (1940)  Differential  susceptibility  of  the  sexes  of  Drosophila  to  the  effect 
of  X-rays  in  producing  chromosome  aberrations.     Genetics,  25:  117. 

Goodspeed,  T.  H.,  and  A.  R.  Olson  (1928)  The  production  of  variations  in  Nicotiana 
by  X-ray  treatment.     Proc.  Natl.  Acad.  Sci.  U.S.,  14:  66-69. 

Griffen,  A.  C,  E.  L.  Brandt,  and  E.  L.  Tatum  (1950)  Nitrogen  mustards  as  cancer- 
inducing  agents.     J.  Am.  Med.  Assoc,  144:  571. 

o 

Gustafsson,  A.  (1947)     Mutations  in  agricultural  plants.     Hereditas,  33:  1-100. 

(1952)      Mutations,     environment    and    evolution.     Cold    Spring    Harbor 

Symposia  Quant.  Biol.,  16:  263-281. 

Guyenot,    E.    (1914)     Action   des   rayons   ultra-violet   sur   Drosophila   ampelophila. 

Bull.  sci.  France  Belg.,  48:  411-434. 
Haldane,  J.  B.  S.   (1947)     The  mutation  rate  of  the  gene  for  haemophilia  and  its 

segregation  ratios  in  males  and  females.     Ann.  Eugenics,  13:  262-271. 

(1949)     The  rate  of  mutation  of  human  genes.     Proc.  8th  Intern.  Genetics 

Congr.,  Stockholm,  1948  (Hereditas  Suppl.),  pp.  267-273. 

Hanson,  F.  B.  (1928)  An  analysis  of  the  effects  of  the  different  rays  of  radium  in 
producing  lethal  mutations  in  Drosophila.     Anat.  Record,  41:  99-100. 

Harris,  B.  B.  (1929)  The  effects  of  aging  of  X-rayed  males  upon  mutation  freciuency 
in  Drosophila.     J.  Heredity,  20:  299-302. 

Herskowitz,  I.  H.  (1949)  Tests  for  chemical  mutagens  in  Drosophila  using  the 
vaginal  douche  technic.     Proc.  Soc.  Exptl.  Biol.  Med.,  70:  601-607. 

(1950)     The  differential  induction  of  lethal  mutations  by  formalin  in  the  two 

sexes  of  Drosophila.     Science,  112:302-303. 

(1951)     A  list  of  chemical  substances  studied  for  effects  on  Drosophila  with  a 

bibliography.     Am.  Naturalist,  85:  181-199. 


466  RADIATION   BIOLOGY 

Hertwig,  G.  (1911)     Radiumbestrahlung  unbefruchteter  Froscheier  und  ihre  Entwick- 

lung  nach  Befruchtung  mit  normalen  Samen.     Arch,  mikroskop.  Anat.  u.  Entwick- 

lungsmech.  (Abt.  II),  77:  165-209. 
Hertwig,  P.  (1917)      Beeinflussung  der  Geschlectszellen  und  der  Nachkommenschaft 

durch  Bestrahlung  mit  radioaktiven  Substanzen.      (Sammelreferat.)     Z.  indukt. 

Abstamm.-  u.  Vererbungslehre,  17:  254-261. 

(1939)     Erbanderungen  bei   Mausen  nach  Rontgenbestrahlung.     Proc.   7th 

Intern.   Genetics   Congr.,   Edinburgh,    1939    (J.   Genetics  Suppl.),   pp.    145-146 
(1941). 

Heston,  W.  E.  (1949)     Induction  of  pulmonary  tumors  in  strain  A  mice  with  methyl- 
bis  (/3-chloroethyl)  amine  hydrochloride.     J.  Natl.  Cancer  Inst.,  10:  125-130. 

(1950)      Carcinogenic  action  of  the  mustards.     Cancer  Research,  10:  224. 

Hinton,  T.,  P.  T.  Ives,  and  A.  T.  Evans  (1952)      Changing  the  gene  order  and  number 

in  natural  populations.     Evolution,  6:  19-28. 
Hollaender,  A.  (1945)     The  mechanism  of  radiation  effects  and  the  use  of  radiation 

for  the  production  of  mutations  with  improved  fermentation.     Ann.   Missouri 

Botan.  Garden,  32:  165-178. 
,  K.  B.  Raper,  and  R.  D.  Coghill  (1945)     The  production  and  characterization 

of  ultraviolet-induced  mutations  in  Aspergillus  terreus.     I.   Production  of  the 

mutations.     Am.  J.  Botany,  32:  160-165. 
Ives,  P.  T.,  and  M.  B.  Andrews  (1946)     Analysis  of  the  sex-linked  mutation  rate  in 

'the  Florida  "high  "  stock.     Genetics,  31 :  220. 
Jensen,  K.  A.,  I.  Kirk,  G.  Kolmark,  and  M.  Westergaard  (1952)      Chemically  induced 

mutations  in  Neurospora.     Cold  Spring  Harbor  Symposia  Quant.  Biol.,  16:  245- 

262. 
Johannsen,  W.  (1909)     Elemente  der  exakten  Erblichkeitslehre.     Carl  Fischer,  Jena, 

vi  4-  515  pp. 
Just,  E.  E.    (1926)     Experimental  production  of  polyploidy  in  the  eggs  of  Nereis 

limbata  by  means  of  ultraviolet  radiation.     Anat.  Record,  34:  108-109. 
Kaplan,  W.  D.  (1948)      Formaldehyde  as  a  mutagen  in  Drosophila.     Science,  108:  43. 
Kaufmann,  B.  P.  (1939)     Distribution  of  induced  breaks  along  the  X-chromosome  of 

Drosophila  melanogasier .     Proc.  Natl.  Acad.  Sci.  U.S.,  25:  571-577. 
Kerkis,    J.    J.    (1935)     The   preponderance   of    "physiological   mutations."     Summ. 

Commun    XV  intern,  physiol.  Congr.  (Leningrad-Moscow),  pp.  198-200. 

(1938)     The  frequency  of  mutations  affecting  viability.     Izvest.  Akad.  Nauk 

SSSR  (Otd.  mat.-est.,  Ser.  bioL),  pp.  75-96  (Russian  and  English  text). 

(1939)     Effect  of  temperature  below  0°  upon  the  process  of  mutation  and 


some  consideration  of  the  causes  of  spontaneous  mutation.  Compt.  rend.  acad. 
sci.  U.R.S.S.,  24:  386-388. 

Koller,  P.  C.  (1949)  The  behaviour  of  the  tumor  cell  under  the  influence  of  irradi- 
ation and  chemicals.     Acta  Unio  Intern,  contra  Cancrum,  6:  812-815. 

,  M.  Y.  Ansari,  and  J.  M.  Robson  (1943)     The  action  of  mustard  gas  on  the 

pollen  grain  nucleus  of  Tradescantia.  Report  to  the  Ministry  of  Supply  (Gr. 
Brit.),  Y14278. 

Kossikov,  K.  V.  (1936)  The  influence  of  the  age  and  sex  of  the  germ  cells  on  the  fre- 
quency of  mutations  in  Drosophila  simulans.  Compt.  rend.  acad.  sci.  U.R.S.S., 
2:  115-118. 

(1937)     The  influence  of  age  and  sex  of  the  germ  cells  on  the  frequency  of 

mutation  in  Drosophila  simulans  and  Drosophila  melanogaster.  Genetics,  22: 
213-224. 

Lamy,  R.,  and  H.  J.  Muller  (1939)  Evidence  of  the  non-genetic  nature  of  the  lethal 
eff'ect  of  radiation  on  Drosophila  embryos.  Proc.  7th  Intern.  Genetics  Congr., 
Edinburgh,  1939  (J.  Genetics  Suppl.),  pp.  180-181  (1941). 


NATURE    OF    THE    GENETIC    EFFECTS  467 

Lane,  G.  R.  (1951)  X-ray  fractionation  and  chromosome  breakage.  Heredity,  5: 
1-35. 

Lederberg,  J.  (1947)  Gene  recombination  and  linked  segregations  in  Escherichia 
coli.     Genetics;  32:  505-525. 

,  E.  Z.  Lederberg,  N.  Zinder,  and  E.  Lively  (1952)     Recombination  analysis 

of  bacterial  heredity.     Cold  Spring  Harbor  Symposia  Quant.  Biol.,  16:  413-444. 

Levit,  S.  G.  (1936)     The  problem  of  dominance  in  man.  J.  Genetics,  33:  411-434. 

Levitsky,  G.  A.,  and  A.  G.  Araratian  (1931)  Transformations  of  chromosomes  under 
the  influence  of  X-rays.  Trudy  Priklad.  Botan.  Genetike  i  Selektsii,  27:  265-303 
(Russian  with  Engli.sh  summary). 

Little,  C.  C.,  and  H.  J.  Bagg  (1923)  The  occurrence  of  two  heritable  types  of  abnor- 
mality among  the  descendants  of  X-rayed  mice.  Am.  J.  Roentgenol.  Radium 
Therapy,  10:  975-989. 

Lockwood,  L.  B.,  K.  B.  Raper,  A.  J.  Moyer,  and  R.  D.  Coghill  (1945)  The  produc- 
tion and  characterization  of  ultraviolet-induced  mutations  in  Aspergillus  terreus. 
in.  Biochemical  characteristics  of  the  mutations.     Am.  J.  Botany,  32:  214-217. 

Loeb,  J.,  and  F.  W.  Bancroft  (1911)  Some  experiments  on  the  production  of  mutants 
in  Drosophila.     Science,  33:  781-783. 

Mavor,  J.  W.  (1921)  On  the  elimination  of  the  X-chromosome  from  the  egg  of 
Drosophila  rnelanogaster  by  X-rays.     Science,  54:  217. 

(1923)     An  effect  of  X-rays  on  crossingover  in  Drosophila.     Proc.  Soc.  Exptl. 

Biol.  Med.,  20:  335-338. 

and  H.  K.  Svenson  (1924)     An  effect  of  X  rays  on  the  linkage  of  Mendelian 


characters  in  the  second  chromosome  of  Drosophila  rnelanogaster.     Genetics,  9: 
70-89. 
McClintock,  B.  (1932)     A  correlation  of  ring-shaped  chromosomes  with  variegation 
in  Zea  mays.     Proc.  Natl.  Acad.  Sci.  U.S.,  18:  677-681. 

(1938a)     The   fusion   of   broken   ends   of   sister   half-chromatids   following 

chromatid  breakage  at  meiotic  anaphases.     Research  Bull.  Missouri  Agr.  Exptl. 
Sta.,  No.  290,  48  pp. 

(1938b)  The  production  of  homozygous  deficient  tissues  with  mutant  charac- 
teristics by  means  of  the  aberrant  mitotic  behavior  of  ring-shaped  chromosomes. 
Genetics,  23:  315-376. 

(1939)     The    behavior    in    successive   nuclear   divisions   of   a   chromosome 

broken  at  meiosis.     Proc.  Natl.  Acad.  Sci.  U.S.,  25:  405-416. 

(1941)     The  association  of  mutants  with  homozygous  deficiencies  in  Zea  mays. 

Genetics,  26:  542-571. 

(1944)     The  relation  of  homozygous  deficiencies  to  mutations  and  allelic 


series  in  maize.     Genetics,  29:  478-502. 

Mohr,  O.  L.  (1919)  Mikro.skopische  Unter.suchimgen  zu  Experimenten  ueber  den 
Einfluss  der  Radiumstrahlen  und  der  Kaeltewirkung  auf  die  ( 'hromatinreifung 
und  das  Heterochromosom  bei  Decticus  verrucivorus.  Arch,  mikroskop.  Anat. 
Entwicklungsmech.  (Abt.  II),  92:  300. 

Morgan,  L.  V.  (1922)  Non-criss-cross  inheritance  in  Drosophila  rnelanogaster.  Biol. 
Bull.,  42:  267-274. 

Morgan,  T.  H.  (1911)  The  origin  of  nine  wing  mutations  in  Drosophila.  J.  Exptl. 
Zool.,  11:  365-413. 

MuUer,  H.  J.  (1918)  Genetic  variability,  twin  hybrids  and  constant  hybrids,  in  a 
case  of  balanced  lethal  factors.     Genetics,  3:  422-499. 

(1920)  Further  changes  in  the  white-eye  series  of  Drosophila  and  their  bear- 
ing on  the  manner  of  occurrence  of  mutation.     J.  Exptl.  Zool.,  31:  443-473. 

(1922)     Variation  due  to  change  in  the  individual  gene.     Am.  Naturalist,  56: 


32-50. 


468  RADIATION   BIOLOGY 

(1923)     Mutation,   in  Genetics,  eugenics  and  the  family,   1:  106-112;  ab- 


stracted in  Proc.  Intern.  Congr.  Eugenics  2nd  Congr.,  New  York.     Pp.  7-8  (1921). 

-  (1925)     The  regionally  differential  effect  of  X-rays  on  crossing  over  in  auto- 
somes of  Drosophila.     Genetics,  10:  470-507. 

-  (1926a)     Induced  crossing  over  variation  in  the  X-chromosome  of  Drosophila. 
Am.  Naturalist,  60:  192-195. 

(1926b)     The  gene  as  the  basis  of  life.     Proc.  4th  Intern.  Congr.  Plant  Sci., 

Ithaca,  1:897-921  (1929). 

-  (1927)     Artificial  transmutation  of  the  gene.     Science,  66:  84-87. 

(1928a)     The  problem  of  genie  modification.     Verhhandl.  V.  Intern.  Kongr. 

Vererbungswiss.,   1927,  pp.  234-260;  Z.  indukt.  Abstamm.-  u.  Vererbungslehre, 

Suppl.  I. 

(1928b)     The  effects  of  X-radiation  on  genes  and  chromosomes.     Science, 

67:  82. 

(1928c)     The  measurement  of  gene  mutation  rate  in  Drosophila,  its  high 

variability,  and  its  dependence  upon  temperature.     Genetics,  13:  279-357. 

(1928d)     The  production  of  mutations  by  X-rays.     Proc.  Natl.  Acad.  Sci. 

U.S.,  14:  714-726. 

(1929)     The  method  of  evolution.     Sci.  Monthly,  29:  481-505. 

(1932a)     Some  genetic  aspects  of  sex.     Am.  Naturalist,  66:  118-138. 

(1932b)     Further  studies  on  the  nature  and  causes  of  gene  mutations.     Proc. 


6th  Intern.  Genetics  Congr.,  Ithaca,  1:  213-255. 

-  (1933)     The  effects  of  roentgen  rays  upon  the  hereditary  material.     Science 
of  radiology.     Charles  C  Thomas,  Publisher,  Springfield,  111.  Chap.  XVII,  pp. 

305-318. 

-  (1934)     Radiation  genetics.     Proc.  IV  Intern.  Radiologen  Kongr.,  2:  100-102. 

-  (1935a)     On  the  dimensions  of  chromosomes  and  genes  in  Dipteran  salivary 
glands.     Am.  Naturalist,  69:  405-411. 

(1935b)     On  the  incomplete  dominance  of  the  normal  allelomorphs  of  white 

in  Drosophila.     J.  Genetics,  30:  407-414. 

(1935c)     The  position  effect  as  evidence  of  the  localization  of  the  immediate 

products  of  gene  activity.     Revised  mimeographed  separate  based  on  Summ. 
Commun.     XV  Intern.  Physiol.  Congr.  (Leningrad-Moscow,  1935),  pp.  286-289. 

(1938)     The  remaking  of  chromosomes.     Collecting  Net  (Woods  Hole),  13: 

181,  183-195,  198. 

(1939a)     Reversibility  in  evolution  considered  from  the  standpoint  of  genetics. 

Biol.  Revs.  Cambridge  Phil.  Soc,  14:  261-280. 

(1939b)     Report  of  investigations  with  radium.     Med.   Research  Council 

(Gr.  Br.)  Special  Report  Ser.  236,  pp.  14-15. 

(1939c)     Report  of  Dr.  H.  J.  Muller  and  collaborators,  working  at  the  Insti- 


tute of  Animal  Genetics,   University  of  Edinburgh.     16th  Ann.   Rept.,   Brit. 
Empire  Cancer  Campaign,  pp.  226-231. 

(1939d)     The  mechanism  of  structural  change  in  chromosomes  of  Drosophila. 

Proc.  7th  Intern.  Genetics  Congr.,  Edinburgh,  1939  (J.  Genetics  Suppl.),  pp.  221- 
222  (1941). 

(1940a)     An  analysis  of  the  process  of  structural  change  in  chromosomes  of 

Drosophila.     J.  Genetics,  40:  1-66. 

(1940b)     Bearings  of  the  "Drosophila"  work  on  systematics.     The  new  sys- 

tematics.     Ed.  by  J.  S.  Huxley,  Clarendon  Press,  Oxford,  pp.  185-268. 

(1941)     Resume  and  perspectives  of  the  symposium  on  genes  and  chromo- 
somes.    Cold  Spring  Harbor  Symposia  Quant.  Biol.,  9:  290-308. 

(1944)     The  mechanism  of  chromosome  breakage  by  irradiation.     Yearbook 

Am.  Phil.  Soc.  for  1943,  pp.  162-165. 


NATURE    OF    THE    GENETIC    EFFECTS  469 

(1946a)     Age    in    relation    to   the   frequency   of    spontaneous   mutations   in 

Drosophila,  Yearbook  Am.  Phil.  Soc.  for  1945,  pp.  150-153. 

(1946b)      Physiological  effects  on  "spontaneous"  mutation  rate  in  Drosophila. 

Genetics,  31:  225. 

(1947)     The  production  of  mutations.     J.  Heredity,  38:  259-270;  Les  Prix 

Nobel  en  1946,  Stockholm,  1948,  pp.  257-274. 

(1950a)  Evidence  of  the  precision  of  genetic  adaptation.  The  Harvey  Lec- 
tures, Ser.  XLIII,   1947-1948.     Charles  C  Thomas,  Publisher,  Springfield,  111., 

pp.  165-229. 

(1950b)     Our  load  of  mutations.     Am.  J.  Human  Genetics,  2:  111-176. 

(1950c)     Some    present    problems   in   the   genetic   effects   of   radiation.     J. 

Cellular  Comp.  Physiol.,  35  (Suppl.  1):  9-70. 
(1951a)     Radiation  damage  to  the  genetic  material.     Science  in  progress, 

Seventh  Series.     Yale  University  Press,  New  Haven,  Chap.  IV,  pp.  93-165. 
(1951b)     Detection  of  mutations  in  the  second  chromosome  by  use  of  the 

"sifter"  stock.     Drosophila  Inform.  Serv.,  25:  117-118. 
and    E.    Altenburg    (1919)     The    rate   of   change   of   hereditary   factors    in 

Drosophila.     Proc.  Soc.  Exptl.  Biol.  Med.,  17:  10-14. 
and (1921)     A  study  of  the  character  and  mode  of  origin  of  eighteen 

mutations  in  the  X-chromosome  of  Drosophila.     Anat.  Record,  20:  213. 
and   (1928)      Chromosome   translocations   produced   by   X   rays   in 

Drosophila.     Anat.  Record,  41:  100. 
and  S.  M.  Gershenson  (1935)     Inert  regions  of  chromosomes  as  the  temporary 

products  of  individual  genes.     Proc.  Natl.  Acad.  Sci.  U.S.,  21:  69-75. 

C.  C.  Little,  and  L.  H.  Snyder  (1947)     Genetics,  medicine,  and  man.     Cornell 


University  Press,  Ithaca,  New  York. 

,  A.  I.  Makki,  and  A.  R.  Sidky  (1939)  Gene  arrangement  in  relation  to  radi- 
ation dosage.     J.  Genetics,  37  (3). 

and  T.  S.  Painter  (1929)  The  cytological  expression  of  changes  in  gene  align- 
ment produced  by  X-rays  in  Drosophila.     Am.  Naturalist,  63:  193-200. 

and (1932)     The  differentiation  of  the  sex  chromosomes  of  Drosophila 

into  genetically  active  and  inert  regions.  Z.  indukt.  Abstamm.-  u.  Vererbungs- 
lehre,  62:  316-365. 

and   G.    Pontecorvo    (1940)     Recombinants  between  Drosophila  species  the 

Fi  of  which  are  sterile.     Nature,  146:  199-200. 

and  (1942a)     Recessive  genes  causing  interspecific  sterility  and  other 

disharmonies  between  D.  melanogaster  and  sirnulans.     Genetics,  27:157. 

and  (1942b)     The  surprisingly  high  frequency  of  spontaneous  and 

induced  breakage  and  its  expression  through  dominant  lethals.     Genetics,  27: 

157-158. 

and  A.  A.  Prokofyeva  (1935a)     The  structure  of  the  chromonema  of  the  inert 

region  of  the  X-chromosome  of  Drosophila.     Compt.  rend.  acad.  sci.  U.R.S.S., 

1 :  658-660. 

and ■  (1935b)     The  individual  gene  in  relation  to  the  chromomere  and 

the  chromosome.     Proc.  Natl.  Acad.  Sci.  U.S.,  21:  16-26. 

, ,  and  D.  Raff  el  (1935a)     Apparent  gene  mutations  due  to  the  position- 
effect  of  minute  gene  rearrangements.     Am.  Naturalist,  69:  72-73. 

^  and (1935b)      Minute  intergenic  rearrangement  as  a  cause  of 


apparent  "gene  mutation."     Nature,  135:  253-255. 

,    A.    A.    Prokofyeva-Belgovskaya,    and    D.    Raffel    (1938)     The   absence   of 

transmissible  chromosome  fragments  resulting  from  simple  breakage,  and  their 
simulation  as  a  result  of  compound  breakage  involving  chromocentral  regions. 
Genetics,  23:  161. 


470  RADIATION   BIOLOGY 

■ — ■  and  F.  Settles  (1927)     The  non-functioning  of  the  genes  in  spermatozoa.     Z. 

indukt.  Abstamm.-  u.  Vererbungslehre,  43:  285-312. 
and  W.  S.  Stone  (1930)     Analysis  of  several  induced  gene  rearrangements 

involving  the  X-chromosome  of  Drosophila.     Anat.  Record,  47:  393-394. 
,  J.  I.  Valencia,  and  R.  M.  Valencia  (1950)     The  frequency  of  spontaneous 

mutations  at  individual  loci  in  Drosophila.     Genetics,  35:  125-126. 
,  R.  M.  Valencia,  and  J.  I.  Valencia  (1950)     The  production  of  mutations  at 


individual  loci  in  Drosophila  by  irradiation  of  oocytes  and  oogonia.     Genetics, 

35:  126. 
Nadson,  G.  A.,  and  G.  S.  Philippov  (1925)     Influence  des  rayons  X  sur  la  sexualite  et 

la  formation  des  mutantes  chez  les  champignons  inferieurs  (Mucorinees).     Compt. 

rend.  soc.  biol.,  93:  473-475. 
Nagai,    M.   A.,  and  G.  L.  Locher   (1937)     Production  of  mutations  by  neutrons. 

Nature,  140:  111-112. 
Naumenko,  V.  A.   (1936)     Lethal  mutations  of  Drosophila  melanogaster  induced  by 

potassium  permanganate.     Bull.  biol.  med.  exp.  U.R.S.S.,  1:  204-206. 
Neel,  J.  V.  (1942)     A  study  of  a  case  of  high  mutation  rate  in  Drosophila  melanogaster. 

Genetics,  27:  519-536. 

and  H.  F.  Falls.   (1951)     The  rate  of  mutation  of  the  gene  responsible  for 

retinoblastoma  in  man.     Science,  114:  419-422. 

Neuhaus,   M.  E.   (1939)     A  cytogenetic  study  of  the  Y-chromosome  of  Drosophila 

melanogaster,  J.  Genetics,  37:  229-254. 
Novick,  A.,  and  L.  Szilard  (1950)      Experiments  with  the  chemostat  on  spontaneous 

mutations  of  bacteria.     Proc.  Natl.  Acad.  Sci.  U.S.,  36:  708-719. 

and  (1952)      Experiments  on  spontaneous  and  chemically  induced 

mutations  of  bacteria  growing  in  the  chemostat.     Cold  Spring  Harbor  Symposia 
Quant.  Biol.,  16:  337-343. 

Oehlkers,   F.    (1943)      Die  Auslosung  von  Chromosomenmutationen  in  der  Meiosis 

durch  Einwirkung  von  Chemikalien.      Z.  indukt.  Abstamm.-  u.  Vererbungslehre, 

81:  313-341. 
Painter,  T.  S.  (1933)     A  new  method  for  the  study  of  chromosome  rearrangements 

and  the  plotting  of  chromosome  maps.     Science,  78:  585-586. 
(1934)     The  morphology  of  the  X  chromosome  in  salivary  glands  of  Drosophila 

melanogaster  and  a  new  type  of  chromosome  map  for  this  element.     Genetics,  19: 

448-469. 
and  H.  J.  Muller  (1929)     Parallel  cytology  and  genetics  of  induced  transloca- 


tions and  deletions  in  Drosophila.     J.  Heredity,  20:  287-298. 
Panshin,  I.  B.   (1935)       New  evidence  for  the  position  effect  hypothesis.     Compt. 

rend.  acad.  sci.  U.R.S.S.,  4:  85-88. 
Patterson,  J.  T.  (1929)     The  production  of  mutations  in  somatic  cells  of  Drosophila 

melanogaster  by  means  of  X-rays.     J.  Exptl.  Zool.,  53:  327-372. 

(1931a)     The   question   of  a  primary  sex  factor  in  the   X-chromosome  of 

Drosophila  melanogaster .     Anat.  Record,  51  (SuppL):  111. 

(1931b).     The  production  of  gynandromorphs  in  Drosophila  melanogaster  by 

X-rays.     J.  Exptl.  Zool.,  60:  173-211. 

and  H.  J.  Muller  (1930)      Are  "progressive"  mutations  produced  by  X-rays? 

Genetics,  15:  495-577. 
,  W.  S.  Stone,  and  S.  Bedichek  (1937)     Further  studies  on  X  chromosome  bal- 


ance in  Drosophila.     Genetics,  22:  407-426. 
Philip,    U.    (1935)     Crossing-over  between   X-  and   Y-chromosomes  in   Drosophila 

melanogaster.     J.  Genetics,  31:  341-352. 
Plough,  H.  H.,  and  C.  F.  Holthausen  (1937)     A  case  of  high  mutation  frequency  in 

Drosophila  without  environmental  change.     Genetics,  22:  203. 


NATURE    OF    THE    GENETIC    EFFECTS  471 

and  P.  T.  Ives  (1932)     New  evidence  of  the  production  of  mutations  by  high 

temperature,  with  a  critique  of  the  concept  of  directed  mutations.     Proc.  6th 

Intern.  Genetics  Congr.,  Ithaca,  N.Y.,  2:  156-158. 
Plunkett,  C.  R.  (1933)     A  contribution  to  the  theory  of  dominance.     Am.  Naturalist, 

67:  84-85. 
Pontecorvo,  G.  (1942)     The  problem  of  dominant  lethals.     J.  Genetics,  43:  295-300. 
and  H.  J.  MuUer  (1941)  The  lethality  of  dicentric  chromosomes  in  Drosophila. 

Genetics,  26:  165. 
Prokofyeva-Belgovskaya,  A.  A.  (1935)     The  structure  of  the  chromocenter.     Cyto- 

logia,  6:  438-443. 

(1937)     The  structure  of  the  Y  chromosome  in  the  salivary  glands  of  Dro- 
sophila vielanogaster.     Genetics,  22:  94-103. 

(1938)     The  inert  region  in  the  subterminal  part  of  the  X-chromosome  of 

Drosophila  melanogasier .     Izvest.   Akad.    Nauk.   S.S.S.R.    (Otd.   mat.-est.,   Ser. 
biol.),  pp.  97-103  (Russian  with  English  summary). 

(1939)     Inert  regions  in  the  inner  part  of  the  X-chromosome  of  Drosophila 

rnelanogaster.     Compt.  rend.  acad.  sci.  U.R.S.S.,  22:  362-370. 

and  V.  V.  Khvostova  (1939)     Distribution  of  breaks  in  the  X-chromosome  of 


Drosophila  rnelanogaster.     Compt.  rend.  acad.  sci.  U.R.S.S.,  23:  270-272. 

Raper,  K.  B.,  R.  D.  Coghill,  and  A.  Hollaender  (1945)  The  production  and  charac- 
terization of  ultraviolet-induced  mutations  in  Aspergillus  terreus.  II.  Cultural 
and  morphological  characteristics  of  the  mutations.     Am.  J.  Botany,  32:  165-176. 

Rapoport,  J.  A.  (1946a)  Carbonyl  compounds  and  the  chemical  mechanism  of 
mutations.     Compt.  rend.  acad.  sci.  U.R.S.S.,  54:  65-67  (in  Russian). 

(1946b)     Derivatives  of  carbamic  acid  and  mutations.     Bull.  biol.  med.  exp. 

U.R.S.S.,  23:  198-201  (in  Russian). 

(1948a)      Mutations  under  the  influence  of  unsaturated  aldehydes.     Compt. 

rend.  acad.  sci.  U.R.S.S.,  61:  713-715  (in  Russian). 

(1948b)     Effects  of  ethylene  oxide,  glycidol,  and  glycols  on  gene  mutations. 


Compt.  rend.  acad.  sci.  U.R.S.S.,  60:  469-472  (in  Russian) 
Ray-Chaudhuri,   S.   P.,   and   I.   Sarkar    (1952)      Frequency  of  dicentric   bridges   in 

meiosis  in  the  grasshopper,  Gesonia  piinctifrons,  produced  by  different  dosages  of 

X-rays.     Science  116:  479-482. 
Russell,   W.  L.    (1952)     X-ray   induced   mutations   in  mice.     Cold   Spring   Harbor 

Symposia  Quant.  Biol.,  16:  327-335. 
Sax,  K.  (1938)     Chromosome  aberrations  induced  by  X-rays.     Genetics,  23:  494-516. 

(1939)     The  time  factor  in  X-ray  production  of  chromosome  aberrations. 

Proc.  Natl.  Acad.  Sci.  U.S.,  25:  225-233. 

(1940)     An  analysis  of  X-ray-induced  chromosomal  aberrations  in   Trade- 

scantia.     Genetics,  25:  41-68. 

(1942)     The  mechanisms  of  X-ray  effects  on  cells.     J.  Gen.  Physiol.,  25:  533- 

537. 

(1943)     The  effect  of  centrifuging  upon  the  production  of  X-ray  induced 

chromosomal  aberrations.     Proc.  Natl.  Acad.  Sci.  U.S.,  29:  18-21. 

and  E.  V.  Enzmann   (1939)     The  effect  of  temperature  on  X-ray-induced 


chromosome  aberrations.     Proc.  Natl.  Acad.  Sci.  U.S.,  25:  397-405. 
Serebrovskaya,  R.  I.,  and  N.  I.  Shapiro  (1935)     The  frequency  of  mutations  induced 

by  X-rays  in  the  autosomes  of  mature  and  immature  germ-cells  of  Drosophila 

rnelanogaster  males.     Compt.  rend.  acad.  sci.  U.R.S.S.,  2:  421-428  (Russian  and 

English  text). 
Sonneborn,  T.  M.  (1948)     The  determination  of  hereditary  antigenic  differences  in 

genetically  identical  Paramecium  cells.     Proc.  Natl.  Acad.  Sci.  U.S.,  34:  413-418. 
(1950)     The  cytoplasm  in  heredity.     Heredity,  4:  11-36. 


472  RADIATION   BIOLOGY 

Stadler,  L.  J.  (1928a)     Genetic  effects  of  X-rays  in  maize.     Proc.  Natl.  Acad.  Sci. 

U.S.,  14:  69-75. 
(1928b)      Mutations  in  barley  induced  by  X-rays  and  radium.     Science,  68: 

186. 

(1930)     Some  genetic  effects  of  X-rays  in  plants.     J.  Heredity,  21:  3-19. 

(1932)     On  the  genetic  nature  of  induced  mutations  in  plants.     Proc.  6th 

Intern.  Genetics  Congr.,  Ithaca,  1:  274-294. 

(1939)     Genetic    studies    with    ultra-violet    radiation.     Proc.    7th    Intern. 

Genetics  Congr.  Edinburgh  (J.  Genetics  Suppl.),  pp.  269-276  (1941). 

(1941)     The  comparison  of  ultraviolet  and  X-ray  effects  on  mutation.     Cold 

Spring  Harbor  Symposia  Quant.  Biol.,  9:  168-177. 

(1942)     Some  observations  on  gene  variability  and  spontaneous  mutation. 

Spragg  Memorial  Lectures  on  Plant  Breeding  (3d  ser.),  Michigan  State  College. 

and  H.  Roman  (1948)     The  effect  of  X-rays  upon  mutation  of  the  gene  A  in 


maize.     Genetics,  33:  273-303. 
Stern,   C.   (1926)      Eine  neue  Chromosomenaberration  von  Drosophila  melanogaster 
und  ihre  Bedeutung  fiir  die  Theorie  der  linearen  Anordnung  der  Gene.     Biol. 
Zentr.,  46:  505-508. 

(1927)     Die  genetische  Analyse  der   Chromosomen.     Naturwissenschaften, 

15:  465-473. 

(1943)      Genie  action  as  studied  by  means  of  the  effects  of  different  doses  and 

combinations  of  alleles.     Genetics,  28:  441-475. 

,  G.  Carson,  M.  Kinst,  E.  Novitski,  and  D.  Uphoff,  (1951)     The  viability  of 

heterozygotes  for  lethals.     USAEC  Report  UCRL-1614.* 
,  ,  ,  ,  and  (1952)     The  viability  of  heterozygotes 

for  lethals.     Genetics,  37:  413-449. 

and  G.  Heidenthal  (1944)      Materials  for  the  study  of  the  position  effect  of 

normal  and  mutant  genes.     Proc.  Natl.  Acad.  Sci.  U.S.,  30:  197^205 

and  E.  Novitski  (1948)     The  viability  of  individuals  heterozygous  for  reces- 


sive lethals.     Science,  108:  538-539. 
Stubbe,  H.,  and  H.  Doring  (1938)      Untersuchungen  iiber  experimen telle  Auslosung 

von  Mutationen  bei  Antirrhinum  majus.     VII.      Z.  indukt.  Abstamm.-  u.  Verer- 

bungslehre,  75:  341-351. 
Sturtevant,  A.  H.  (1925)     The  effects  of  unequal  crossing-over  at  the  bar  locus  in 

Drosophila.     Genetics,  10:  117-147. 
(1937)     Essays  on  evolution.     I.  On  the  effects  of  selection  on  mutation  rate. 

Quart.  Rev.  Biol.,  12:  464-467. 

and  G.  W.  Beadle  (1936)     The  relations  of  inversions  in  the  X-chromosome  of 


Drosophila  melanogaster  to  crossing-over  and  disjunction.     Genetics,  21 :  554-604. 
Swanson,  C.  P.  (1942)     The  effects  of  ultraviolet  and  X  ray  treatment  on  the  pollen 

tube  chromosomes  of  Tradescantia.     Genetics,  27:  491-503. 
Timofeeff-Ressovsky,    N.   W.    (1929)     The  effect  of   X-rays  in  producing  somatic 

genovariations  of  a  definite  locus  in  different  directions  in  Drosophila  melanogaster. 

Am.  Naturalist,  63:  118-124. 

(1931a)      Die    bisherigen    Ergebnisse    der    Strahlengenetik.     Ergeb.    med. 

Strahlenforsch.,  5:  131-228. 

(1931b)     Reverse  genovariations  and  gene  mutations  in  different  directions, 

II.  The  production  of  reverse  genovariations  in  Drosophila  melanogaster  by  X-ray 
treatment.     J.  Heredity,  22:  67-70. 

(1932)      Mutations  of  the  gene  in  different  directions.     Proc.   6th  Intern. 

Genetics  Congr.,  Ithaca,  N.Y.,  1:  308-330. 

— (1933a)      Riickgenmutationen    und    die    Genmvitabilitat    in    verschiedenen 

Richtungen.     III.  Rontgenmutationen    in    entgegengesetzten    Richtungen    am 


NATURE    OF    THE    GENETIC    EFFECTS  473 

forked-Locus  von  Drosophila  melanogasler .     Z.  indukt.  Abstamm.-  u.  Vererbungs- 

lehre,  64:  173-175. 

(1933b)     Riickgenmutationen    iind    die    Genmutabilitat    in    verschiedenen 

Richtungen.     IV.   Rontgenmutationen  in  verschiedenen  Richtungen  am  white- 
Locus  von  Drosophila  melanogasler.     Z.  indukt.  Abstamm.-  u.  Vererbungslehre, 

65:  278-292. 

—  (1935a)  Auslosung  von  Vitalitatsmutationen  durch  Rontgenbestrahhmg  bei 
Drosophila  melanogasler.  Nachr.  Ges.  Wis.  Gottingen  (Math.-physik.  Klasse, 
Fachgruppen  VI,  Biol.),  1:  163-180. 

(1935b)     tJber  die  Wirkung  der  Temperatur  auf  den  Mutationsprozess  bei 

Drosophila  melanogasler.     I.  Versuche  innerhalb  normaler  Temperaturgrenzen. 
Z.  indukt.  Abstamm.-  u.  Vererbungslehre,  70:  125-129. 

(1937)     Experimentelle  Mutationsforschung  in  der  Vererbungslehre.     Beein- 


fliissung  der  Erbanlagen  durch  Strahlung  and  andere  Faktoren.     T.  Steinkopf, 

Leipzig. 
Troland,  L.  T.  (1917)     Biological  enigmas  and  the  theory  of  enzyme  action.     Am. 

Naturalist,  51:  321-350. 
Unterberger,   F.    (1922)      Experimentelle   Rontgenschadigung  der   Ovarien  und   ihr 

Einfluss  auf  die  Nachkommenschaft.      Monat.  Geburtsh.  u.  GyniikoL,  60:  164- 

170. 
U.S.  Atomic  Energy  Commission  (1952)      Work  at  Minnesota.     Some  applications 

of  atomic  energy  in  plant  science.      11th  Semiannual  Rept.,  p.  98. 
Vogt,  M.  (1948)      Mutationsauslosung  bei  Drosophila  durch  Athylurethan.     Experi- 

entia,  4:  68-69. 

(1950)     Analyse  durch  Athylurethan  bei  Drosophila  induzierter  Mutationen. 

Z.  indukt.  Abstamm.-  u.  Vererbungslehre,  83:  324-340. 

Wagner,  R.  P.,  C.  H.  Haddox,  R.  Fuerst,  and  W.  S.  Stone  (1950)     The  effect  of 

irradiated  medium,  cyanide  and  peroxide  on  the  mutation  rate  in  Neurospora. 

Genetics,  35:237-248. 
Wallace,     B.      (1951)     Genetic    changes    within    populations    after    X-irradiation. 

Genetics,  36:  612-628. 
Ward,   F.   D.   (1935)     The  production  of  mutations  in  Drosophila  melanogasler  by 

irradiation  with  alpha-rays.     Genetics,  20:  230-249. 
Weinstein,  A.  (1928)     The  production  of  mutations  and  rearrangements  of  genes  by 

X-rays.     Science,  67:  376-377. 
Whiting,   A.   R.   (1945)     Dominant  lethality  and  correlated  chromosome  effects  in 

Habrobracon  eggs  X-rayed  in  diplotene  and  in  late  metaphase.     I.     Biol.  Bull.. 

89:  61-71. 

(1948)     Incidence  and  origin  of  androgenetic  males  in  X-rayed  Habrobraco!, 

eggs.     Biol.  Bull.,  95:  354-360. 

and  C.  H.  Bostian  (1931)     The  effects  of  X-radiation  of  larvae  of  Habrobracon 


Genetics,  16:  659-680. 
Whiting,   P.  W.   (1940)      Multiple  alleles  in  sex  determination  of  Habrobracon.     J. 

MorphoL,  66:  323-355. 
— (1943)      Multiple  alleles  in  complementary  sex  determination  of  Habrobracon. 

Genetics,  28:  365-382. 
Wyss,  O.,  J.  B.  Clark,  F.  Haas,  and  W.  S.  Stone  (1948)     The  role  of  peroxide  in  the 

biological  effects  of  irradiated  broth.     J.  Bact.,  56:  51-57. 
Zamenhof,  S.  (1945)      "Mutations"  and  cell  divisions  in  bacteria.     Genetics,  30:  28. 
Zuitin,  A.  I.  (1939)     The  change  of  the  thermic  regime  as  a  factor  of  mutation  in 

Drosophila  melanogasler.     Trav.  soc.  naturalistes  Leningrad,  67:  55-63. 

Manuscript  received  by  the  editor  Apr.  23,  1952 


CHAPTER    8 

The  Manner  of  Production  of  Mutations  by  Radiation 

H.    J.    MULLER 

Department  of  Zoology,  Indiana  University 

"Point-mutation"  Jrequency  in  relation  to  amount  and  distribution  of  ionizations. 
Chromosome  breakage  and  gross  rearrangement  frequency  in  relation  to  amount  and  dis- 
tribution of  ionizations.  Number  of  ionizations  necessary  for  breakage.  Production  of 
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In  this  chapter  it  is  assumed  that  the  reader  is  already  famihar  with  the 
facts  set  forth  in  Chap.  7,  concerning  the  kinds  of  primary  genetic  effects 
produced  by  radiation  and  the  ways  in  which  these  result  in  further 
changes  that  affect  subsequent  generations  of  cells  and  of  individuals. 
Attention  is  here  focused  on  the  findings  concerning  the  manner  in 
which  the  primary  effects  of  the  two  major  kinds,  gene  mutations  and 
chromosome  breaks,  are  produced  and  the  conditions  affecting  their 
production. 


1.  "POINT-MUTATION"  FREQUENCY  IN  RELATION  TO 
AMOUNT  AND  DISTRIBUTION  OF  IONIZATIONS 

One  of  the  most  important  findings  concerning  the  manner  of  produc- 
tion of  "point  mutations"  by  ionizing  radiation  is  that,  within  the  wide 
range  of  dosage  for  which  it  has  been  possible  to  obtain  statistically  sig- 
nificant evidence,  their  frequency  varies  in  simple  linear  manner  with  the 
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dose.  At  least,  this  relation  has  been  found  to  hold,  when  spermatozoa 
of  Drosophila  are  irradiated,  for  the  most  studied  class  of  mutations,  that 
of  sex-linked  lethals,  a  considerable  majority  (over  four-fifths)  of  which 
consist,  at  doses  up  to  some  1500  r,  of  changes  that  are  not  connected  with 
any  structural  alteration  readily  detectable  by  an  influence  on  crossing 
over  or  by  the  appearance  of  the  salivary  chromosomes.  As  a  sequel  to 
the  preliminary  but  inconclusive  work  on  the  problem  by  Muller  (1928b), 
the  first  experiments  on  Drosophila  which  clearly  showed  this  relation 
were  carried  out  at  the  University  of  Texas  by  Oliver  (1930,  1932).  The 
doses  used  ranged  from  about  300-5000  r  of  X  rays  and  were  varied  by 
altering  the  time  of  exposure.  In  barley,  Stadler  (1928b,  c)  had  already 
reported  preliminary  results  indicating  this  relation,  and  he  gave  further 
evidence  subsequently  (Stadler,  1930,  1932).  The  principle  has  since 
been  extended  to  organisms  widely  different  from  Drosophila  and  barley, 
such  as  the  snapdragon  Antirrhinum  (Noethling  and  Stubbe,  1936),  the 
liverwort  Sphaerocarpus  (Knapp,  1935),  and  the  fungus  Neurospora 
(Lindegren  and  Lindegren,  1941  ;Sansome,  Demerec  and  HoUaender,  1945). 

In  Drosophila  the  linear  relation  was  soon  confirmed  by  several  investi- 
gators and  was  shown  to  hold  for  visible  mutations  by  Timofeeff-Res- 
sovsky  and  Delbriick  (1936),  by  Heptner  and  Demidova  (1936),  and  by 
Muller  (1940).  In  the  most  recent  work  with  lethals  (Spencer  and 
Stern,  1948;  Uphoff  and  Stern,  1949),  the  range  of  dose  has  been  extended 
down  to  50  and  25  r.  At  these  lowest  doses,  however,  the  relative  error  is 
much  larger,  not  only  because  of  the  minute  total  frequency  of  mutations 
but  more  especially  because  of  the  relatively  enormous  variations  (dis- 
cussed in  Chap.  7)  to  which  the  spontaneous  frequency  is  subject  and 
which  must  be  subtracted  from  the  total  for  the  derivation  of  the  induced 
frequency.  It  is  not  surprising  therefore  that,  at  these  lowest  rates  (and 
at  these  rates  only),  not  all  the  experiments  on  sex-linked  lethals  gave 
results  in  conformity  with  the  principle  of  linearity.  However,  it  should 
be  noted  that  the  one  experiment  (Caspari  and  Stern,  1948)  which  failed 
to  do  so  gave  an  unusually  high  control  frequency,  the  subtraction  of 
which  from  the  experimental  value  resulted  in  the  induced  frequency  as 
calculated  being  too  low.  This  experiment  was  at  the  same  time  more 
doubtful  than  the  others  on  some  other  grounds.  All  in  all,  the  agree- 
ment with  linearity,  found  by  numerous  independently  working  investi- 
gators, has  been  remarkably  close,  despite  the  skepticism  of  some  non- 
geneticists  (e.g.,  R.  D.  Evans,  1949)  who  had  suspected  radiation  of  being 
less  efficient  at  low  doses. 

Not  only  is  the  curve  relating  the  frequency  of  induced  sex-linked 
lethals  to  dosage  a  straight  line,  but,  as  closely  as  a  reasonable  amount  of 
statistical  error  will  allow,  this  line  points  directly  to  an  origin  at  zero. 
That  is,  when  the  same  spontaneous-mutation  frequency  is  subtracted 
from  each  of  the  observed  frequencies  and  a  best-fit  straight  line  is 
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derived  from  the  resulting  values,  extrapolation  of  this  straight  line  left- 
ward from  the  lowest  value  is  found  to  go,  as  nearly  as  would  be  expected 
in  view  of  the  statistical  error,  through  the  point  representing  zero  muta- 
tion frequency  at  zero  dose.  This  means  that  the  frequency  of  the 
induced  mutations  is  (within  the  limits  of  statistical  accuracy  of  the 
work)  directly  and  simply  proportionate  to  the  dose.  Thus  the  evidence 
shows  that  the  induced-mutation-rate-dosage  curve  is  either  a  continuous 
straight  line  starting  at  the  base  level,  zero,  or  at  least  a  straight-sloped 
"flight  of  steps,"  individually  too  small  to  be  detectable,  which  start  at 
zero,  and  that  in  any  case  there  is  reason  to  conclude  that  its  shape  and 
direction  are  no  different  at  the  lowest  doses  than  at  moderate  ones. 
The  only  reasonable  interpretation  of  this  result  is  that  each  point  muta- 
tion is  the  result  of  a  single  ionization  or  activation  or  of  a  single  natural 
group  of  them,  comprising  a  number  no  larger  than  that  present  at  the 
lowest  doses  used,  and  that  these  individual  hits  (whether  they  be  single 
changes  or  clusters),  in  their  turn,  neither  cooperate  nor  interfere  with 
each  other  in  the  production  of  mutations. 

It  is  true  that,  in  certain  experiments  on  the  frequency  of  induced 
visible  mutations  at  two  selected  loci  in  Drosophila,  Bonnier  and  Liining 
(1949;  see  also  Bonnier  et  at.,  1949)  have  obtained  data  which,  taken  at 
face  value,  would  indicate  a  deviation  of  an  opposite  character  to  that 
postulated  by  the  critics  of  a  linear  relation,  namely,  a  straight  line  point- 
ing to  a  frequency  at  zero  dose  above  that  of  the  control.  This  would  be 
the  case  if,  besides  those  induced  mutations  whose  frequency  is  propor- 
tional to  dose,  there  was  also  a  small  residuum  of  them  which  maintained 
a  constant  frequency  at  all  doses  used  but  which  disappeared  when  no 
radiation  except  that  of  the  natural  background  was  present.  These 
authors  suggest  that  this  apparent  residuum  may  have  been  composed  of 
mutations  which  were  induced  by  the  radiation  in  a  different  manner 
from  the  others,  e.g.,  by  an  indirect  effect  through  the  cytoplasm,  and 
that  for  these  there  was  a  saturation  effect  reached  even  by  the  lowest  dose 
used.  Perhaps  the  radiation  had  produced  a  mutagenic  substance  from 
a  substrate  present  in  very  limited  quantity,  or  the  mutagen  may  (like 
hydrogen  peroxide)  have  been  destroyed  when  produced  above  a  certain 
low  concentration.  However,  these  experiments  might  be  readily 
explained  in  a  number  of  other  ways  without  going  so  far  afield,  as  by  a 
negative  variation  in  the  frequency  in  the  controls  (which  were  carried 
through  at  a  different  time  than  the  treated  lots)  or,  more  likely,  by  the 
existence  of  a  stronger  selection  in  the  control  than  in  the  treated  lots 
against  the  survival  of  the  mutant  larvae  and  pupae  (which,  being 
homozygous  for  "visible"  genes,  must  have  had  distinctly  reduced 
viabilities),  caused  by  the  much  greater  degree  of  crowding  which  seems 
to  have  existed  in  the  control  cultures. 

The  inference,  based  on  the  dosage  studies,  that  a  gene  mutation  is 
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caused  by  one  ionization  or  activation  or,  at  most,  by  a  minute  natural 
cluster  of  them  receives  strong  support  from  two  other  series  of  results, 
concerned  with  the  voltage  (or  wave  length)  of  the  radiation  used  and 
with  its  timing  (or  intensity),  respectively.  After  the  early  experiments 
of  Hanson  (1928),  which  indicated  that  the  mutagenic  effectiveness  of 
7  rays  and  of  ^  rays  of  radium  on  Drosophila  spermatozoa  is  the  same  for 
the  same  dose,  tests  carried  on  in  Russia  by  Schechtmann  (1930)  and 
by  Efroimson  (1931)  indicated  that  hard  and  soft  X  rays  were  of  like 
mutagenicity  in  this  material.  Following  this  work,  very  exact  studies 
by  Timofeeff-Ressovsky  and  his  co-workers  (Pickhan,  1935;  Timofeeff- 
Ressovsky  and  Zimmer,  1935b;  and  Zimmer  et  at.,  1937),  again  on  sex- 
linked  lethals  induced  in  Drosophila  spermatozoa,  demonstrated  the  equal 
effectiveness  of  ordinary  X  rays,  of  y  rays  of  radium,  and  of  ^  rays  of 
radium,  while  Wilhelmy  et  al.  (1936)  found  that  X  rays  of  the  Grenz-ray 
wave  length  of  2.0  A  on  up  through  the  shortest  wave  lengths  gave,  for 
equal  doses,  no  statistically  significant  differences.  It  is  true  that,  with 
the  longest  rays  tested  (2.0  A),  there  was  a  suggestion  of  a  slightly  lower 
effectiveness.  However,  results  soon  afterward  obtained  by  Fricke  and 
Demerec  (1937)  showed  no  difference  between  the  effectiveness  of  2.2- 
and  0.94-A  radiation.  Similarly,  Stubbe  (1933)  showed  the  mutagenic 
equivalence  of  X  rays  from  the  level  of  10  kv  to  that  of  175  kv  in  Antir- 
rhinum. Thus  within  very  wide  limits  the  manner  of  scattering  of  the 
ionizations  and  activations  had  no  detectable  influence  on  the  result. 
The  conclusion  was  thereby  indicated  that  the  effective  agents  were  either 
the  single  ionizations  and/or  activations  or  the  small  clusters  of  them 
formed  in  5  rays  or  at  the  ends  of  electron  tracks,  inasmuch  as  these 
clusters  occur  with  roughly  equal  frequency  for  a  given  dose  in  the  case  of 
all  the  radiation  in  this  entire  range. 

In  timing  experiments  with  X  rays,  it  was  found  by  Patterson  (1931) 
and  by  Timofeeff-Ressovsky  and  Zimmer  (1935a)  that  fractionated  doses, 
separated  by  intervals  of  days  or  weeks,  produced  sex-linked  lethals  in 
Drosophila  sperm  at  the  same  frequency  as  did  the  same  total  dose 
applied  in  one  treatment.  In  Timofeeff-Ressovsky  and  Zimmer's  work, 
weak  but  long-continued  treatments  also  were  found  to  have  the  same 
effectiveness  as  strong  but  brief  treatments  which  delivered  the  same 
total  dose.  The  time  and  intensity  values  in  this  work  differed  by  a 
factor  of  300.  In  work  conducted  by  Muller  and  Ray-Chaudhuri 
(Muller,  1939a,  b,  1940;  Ray-Chaudhuri,  1939,  1944)  the  intensity  was 
reduced  to  approximately  0.01  r/minute  without  causing  the  effectiveness 
of  a  given  total  dose  of  7  radiation  to  be  less  (or  more)  than  that  of 
X  rays  delivered  at  100  r/minute — an  intensity  difference  of  10,000. 
Finally,  in  the  work  of  Uphoff  and  Stern  (1949)  the  range  was  extended 
down  by  another  order  of  magnitude,  to  approximately  0.001  r/minute, 
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without  evidence  of  a  change  in  effectiveness.^  Taking  all  this  work 
together,  an  intensity  difference  of  300,000  has  been  attained.  These 
results  fit  in  both  with  those  obtained  by  varying  the  total  dose  and  with 
those  obtained  by  varying  the  voltage  or  type  of  radiation  (X,  7,  or  jS)  in 
indicating  that  either  the  single  ionizations  or  activations  or  the  indi- 
vidual clusters  of  them  are  the  mutagenic  agents  and  that  there  is  no 
appreciable  interaction  between  them  which  affects  the  production  of  the 
point  mutations.  If  there  were  such  interaction,  it  would  be  very  strange 
if  it  took  place  just  as  effectively  when  the  ions  (or  otherwise  activated 
particles)  had  arisen  at  widely  different  times  and  places  as  when  they 
arose  close  together. 

As  is  seen  in  more  detail  on  pp.  521-524  the  final  result  of  the  latest 
work  with  neutrons  applied  to  Drosophila  (Muller,  Valencia,  and  Valencia, 
1949)  was  to  show  that  even  radiation  of  this  type  has  sensibly  the  same 
effectiveness  in  producing  gene  mutations  in  spermatozoa  as  X  and  7 
radiation  of  the  types  just  considered.  In  the  case  of  neutron  irradiation, 
virtually  all  the  ionizations  in  the  proton  tracks  are  as  crowded  as  those 
in  the  "ends"  (approximately  the  last  }4  m)  of  the  electron  tracks  pro- 
duced by  the  7  and  X  rays.  Since  the  gene-mutation  frequency  is  not 
differently  affected  under  these  two  contrasting  conditions,  it  may  be 
concluded  that  the  ionizations  in  the  ends  of  the  major  electron  tracks 
arising  from  7  and  X  irradiation  are  no  more  effective  than  the  scattered 
ionizations  or  those  small  5  rays  and  minute  clusters  associated  with  the 
primary  ionizations,  which  are  present  in  like  relative  frequencies  in 
both  proton  and  electron  tracks.  That  is,  the  larger-scale  clustering 
which  exists  at  the  ends  of  the  major  electron  tracks  and  in  the  entire 
course  of  the  proton  tracks  does  not  appear  to  play  a  significant  role  in  the 
production  of  individual  gene  mutations  in  Drosophila. 

1  The  papers  of  Hanson  and  Heys,  reporting  work  performed  in  St.  Louis  and  later 
in  Paris  on  problems  concerned  with  the  influence  of  wave  length  of  radiation,  timing 
of  dose,  aging,  starvation,  and  anesthesia  on  the  induced-mutation  frequency,  are 
not  cited  here,  even  though  they  antedate  the  papers  of  Timofeefl-Ressovsky  and  his 
co-workers  on  wave  length  and  timing.  They  are  omitted  because  statistical  aspects 
of  all  the  data  presented,  especially  their  extreme  "goodness  of  fit,"  as  noted  by  Lea 
(1946),  as  well  as  inconsistencies  in  some  of  the  genetic  methods  and  physical  arrange- 
ments described,  make  the  results  reported  unacceptable.  However,  the  papers  which 
were  published  by  Hanson  under  his  name  alone  are  rigorous  in  method  and  well 
grounded.  These  include  both  his  earlier  papers,  on  work  done  in  close  consultation 
with  Muller,  and  the  latest  one  (1935),  reporting  experiments  which  led  to  quite 
different  conclusions  from  those  of  Hanson  and  Heys  concerning  the  influence  of 
aging,  nutritional  state,  and  anesthesia  on  the  radiation-induced-mutation  frequency. 
These  latter  experiments,  undertaken  to  clear  up  the  situation  raised  by  the  preceding 
ones  on  these  subjects,  were  in  fact  carried  out  entirely  by  C.  A.  Offermann  and  his 
assistant  Mrs.  L  K.  Schmidt,  while  they  were  working  under  the  direct  guidance  of 
Muller  in  Leningrad  and  Moscow. 
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2.  CHROMOSOME  BREAKAGE 

AND  GROSS  REARRANGEMENT  FREQUENCY 

IN  RELATION  TO  AMOUNT  AND  DISTRIBUTION  OF  IONIZATIONS 

Chromosome  breaks,  like  point  mutations,  are  produced  with  a  fre- 
quency simply  proportionate  to  the  total  dosage  of  ionizing  radiation 
applied.  However,  the  frequency  of  gross  structural  changes  varies  as  a 
power  of  the  dose  higher  than  1  when  X  or  7  rays  are  applied  in  ordinary 
doses,  since  with  such  irradiation  the  broken  ends  which  unite  are  usually 
produced  by  independently  arising  breaks,  and  the  products,  the  struc- 
turally changed  chromosomes,  therefore  represent  a  concatenation  of 
effects.  Evidence  for  these  conclusions,  which  correspond  with  the 
''breakage-first"  theory  first  definitely  advocated  by  Levitsky  and 
Araratian  (1931)  and  by  Stadler  (1932),  was  obtained  through  two  differ- 
ent series  of  investigations.  One  of  these  was  carried  out  by  Muller  and 
his  co-workers  in  studies  on  the  effects  of  radiation  on  mature  Drosophila 
spermatozoa,  by  the  use  of  genetic  methods  of  analysis,  and  the  other 
was  carried  out  first  by  Sax  and  by  Faberge  on  plant  material,  using 
cytological  methods. 

In  the  Drosophila  work,  evidence  that  at  least  some  of  the  different 
breaks  involved  in  a  given  structural  change  are  produced  by  independent 
hits  had  first  been  gained  in  experiments,  conducted  in  1933  by  Muller, 
Koerner,  and  M.  Vogt  and  announced-  in  1935,  on  the  frequency  with 
which  large  deletions  of  the  X  chromosome  are  produced;  this  frequency 
was  found  to  vary  as  a  distinctly  higher  power  of  the  dose  than  1 ,  namely 
as  the  ^'2  power.  Studies  of  this  type  were  soon  afterward  made  on 
translocations  by  Belgovsky  (1937),  working  under  Muller's  direction, 
and  on  inversions  by  Berg,  Panshin,  and  Borisoff  (cited  by  Muller,  1936a, 
1937,  1938).  The  same  ^^-power  rule  was  observed  for  both  transloca- 
tions and  inversions  as  had  been  found  for  deletions.  It  was  confirmed  in 
more  extensive  studies  on  translocations  conducted  by  Sidky,  Ray- 
Chaudhuri,  Makki,  and  Makhijani,  working  in  collaboration  with  Muller 
(see  Muller,  1938,  1939a,  b,  c,  1940;  Muller,  Makki,  and  Sidky,  1939; 
Makhijani,  1945). 

It  is  true  that  certain  authors,  notably  Dubinin  and  his  co-workers 

(Dubinin    and    Khvostova,    1935;    Demidova,    1937;    Khvostova    and 

Gavrilova,    1935,    1938),    Catcheside    (1938),    and    Eberhardt    (1939), 

obtained  results  which  they  regarded  as  indicating  a  linear  relation 

between  the  dose  and  the  frequency  of  gross  structural  changes.     In  some 

2  The  data  on  deletions,  as  well  as  those  on  translocations,  showing  the  %-power 
relation,  were  presented  by  Muller  and  Belgovsky  at  a  meeting  of  geneticists  held  at 
the  Institute  of  Genetics,  Moscow,  in  1935,  and  are  first  referred  to  in  the  literature  by 
Dubinin  and  Khvostova  (1935),  Muller  (1936a,  1937,  1938),  and  Kirssanow  (1937). 
The  data  on  translocations  were  published  by  Belgovsky  (1937)  and  those  on  deletions 
by  Muller  (1938). 
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of  these  cases,  however,  the  data  were  insufficient  or  actually  indicated  a 
nonlinear  relation.  In  other  cases  the  structural  changes  investigated 
belonged  to  a  special  class  of  translocations  involving  the  small  fourth 
chromosome  of  Drosophila,  which  were  detected  by  means  of  a  phenotypic 
position  effect,  cubitus  interruptus,  produced  by  them.  The  manifestation 
of  this  effect  is  very  sensitive  to  differences  in  cultural  conditions,  which 
may  not  have  been  controlled  with  sufficient  rigor.  Carefully  controlled 
studies  on  translocations  of  this  kind  (Muller,  Makki,  and  Sidky,  1939; 
Muller,  1940)  showed  that  these  translocations,  like  other  gross  struc- 
tural changes,  follow  the  %-power  rule  in  their  frequency-dosage  relation. 
Moreover,  all  dosage  work  on  the  production  of  gross  structural  changes 
by  irradiation  of  Drosophila  spermatozoa  carried  out  during  the  last 
thirteen  years  (e.g.,  Timofeeff-Ressovsky,  1939;  Catsch,  Radu,  and 
Kanellis,  1943;  Catsch  et  at.,  1944;  Catsch,  1948;  Muller  and  Valencia, 
unpublished  data)  has  served  to  confirm  the  ^2-po^'^'er  rule  for  the  doses 
ordinarily  used. 

Additional  evidence  for  the  point  that  breakage  occurs  before  union  in 
Drosophila  was  seen,  in  the  light  of  a  discussion  by  Muller  (1932)  in 
which  the  bearing  that  such  evidence  would  have  on  this  question  had 
been  pointed  out,  in  the  finding  of  structural  alterations  involving  the 
rotational  exchange  of  six  or  more  broken  ends,  derived  from  multiple 
breakage  (Muller,  1936a,  1940;  Kossikov  and  Muller,  1935;  also  Dubinin 
and  Khvostova,  1935,  who,  however,  did  not  regard  the  evidence  in  this 
light).  It  was  also  seen  in  the  finding  by  Sidky  (1940)  of  a  case  of 
exchange  between  the  broken  ends  of  a  chromosome  irradiated  in  the 
spermatozoon  stage  and  those  of  a  chromosome  derived  from  the  egg 
which  that  spermatozoon  had  later  fertilized.  Finally,  the  finding  that 
offspring  are  frequently  mosaic  for  structural  changes  showed  that  the 
two  chromatids  of  an  irradiated  spermatozoan  chromosome  do  not  always 
undergo  union  of  their  broken  ends  in  the  same  way,  even  though  the 
nonmosaic  nature  of  most  of  the  gene  mutations  produced  by  irradiating 
spermatozoa  indicated  that  the  chromosomes  had  been  undivided  in  the 
spermatozoon  stage.  From  this  evidence  too  it  was  therefore  inferred 
(Muller,  1940)  that  union  occurs  subsequently  to  breakage. 

This  evidence  led  also  to  the  conclusion  that  in  some  cases  single 
breaks  of  chromosomes  could  later  be  followed  by  union  between  sister 
pieces,  which  would  give  dicentric  and  acentric  isochromosomes  unable 
to  continue.  The  frequency  of  losses  of  individual  X  chromosomes 
derived  from  irradiated  spermatozoa  was  therefore  determined  by  means 
of  special  genetic  methods,  and  it  was  found  that  this  frequency,  unlike 
that  of  all  the  other  gross  chromosome  aberrations  which  had  been 
studied  in  Drosophila,  varies  in  simple  linear  manner  with  the  dose 
(Muller,  1939a,  1940;  Bauer,  1939a,  b,  1942;  Pontecorvo,  1941,  1942). 
This  provided  evidence  from  another  angle  for  the  conclusion  that  the 
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individual  breaks,  like  individual  gene  mutations,  are  produced  by  single 
ionizations  or  activations  or  by  the  individual  natural  clusters  of  them. 
There  must,  of  course,  be  a  little  falling  off,  at  higher  doses,  from  the 
frequency  of  single-break  losses  expected  on  strict  linearity;  for  at  these 
doses  a  larger  proportion  of  the  broken  ends  must  become  drawn  off  into 
more  complicated  structural  changes.  However,  the  single-break  cases 
remain  too  numerous,  relative  to  the  others,  to  be  greatly  affected  in 
this  way.  That  this  is  the  case  became  more  apparent  later,  when  it  was 
found  (Muller  and  Pontecorvo,  1941;  Muller,  1941a;  Pontecorvo,  1941, 
1942)  that  those  cases  of  X-chromosome  loss  which  result  in  viable  off- 
spring represent  only  a  small  proportion  of  the  total  number  of  cases  of 
isochromatid  formation  caused  by  single  breakage  of  the  X  chromosome, 
inasmuch  as  the  great  majority  of  such  cases  involve  the  early  death  of 
the  zygote,  presumably  by  bridge  formation  during  mitosis.  The  fre- 
quency of  these  lethal  losses  also  follows  the  first  power  of  the  dose,  as  has 
been  determined  by  studies  of  the  changes  thereby  induced  in  the  sex 
ratio  (see  Muller,  1928b,  for  the  first  evidence  of  this,  before  the  basic 
cause  of  this  effect  was  realized  to  be  chromosome  breakage). 

Considering  all  the  chromosomes,  the  frequency  of  their  loss  and  of 
bridge  formation,  caused  by  single  breakage  resulting  in  isochromosomes, 
is  enough  to  explain  the  great  majority  of  the  deaths  of  young  zygotes 
derived  from  spermatozoa  that  had  been  given  lower  and  moderate  doses 
of  radiation  (Muller,  1940;  Muller  and  Pontecorvo,  1941;  Pontecorvo, 
1942;  Catcheside  and  Lea,  1945;  Demerec  and  Fano,  1944).  At  such 
doses  the  death  rate  of  the  young  zygotes  is  therefore  found  to  be  linearly 
proportional  to  dose,  when  allowance  is  made  for  the  "saturation  effect," 
i.e.,  for  overlapping  of  the  lethal  effects.  At  higher  doses,  however, 
progressively  more  of  the  losses  are  caused  by  multiple-break  aneucentric 
structur9,l  changes,  which  increase  at  a  higher  power  of  the  dose  than  1. 

Far  more  frequent  than  even  the  lethal  losses  are  the  cases  of  single 
breakage  followed  by  restitution.  When  a  ring  X  chromosome  is  used,  a 
considerable  proportion  of  the  restitutions  of  the  X  chromosome  also 
become  lethal  or,  less  frequently,  lead  to  chromosome  loss  in  viable 
zygotes  (Bauer,  1939b,  1942;  Muller  and  Pontecorvo,  1941;  Muller, 
1941b,  Pontecorvo,  1941,  1942;  Faberge,  1952).  This  effect  must  be 
caused  chiefly  by  twisting  of  the  chromosome  before  its  restitution,  a 
process  resulting  in  the  interlocking  of  the  chromatids.  It  is  found  that 
the  frequency  of  the  lethal  effects  and  losses  caused  by  these  aborted 
restitutions  likewise  varies  with  the  first  power  of  the  dose.  All  in  all, 
evidence  that  the  frequency  of  individual  breaks  in  Drosophila  is  linearly 
proportional  to  the  dose  is  thoroughly  established  by  varied  genetic 
evidence.  On  the  other  hand,  the  attempts  which  have  been  made 
(e.g..  Lea,  1946)  to  find  the  absolute  frequency  of  chromosome  breaks 
per  nucleus  produced  by  a  given  dose,   including  those  breaks  which 
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restitute,  are  on  far  more  doubtful  ground;  for  they  are  based  on  a 
number  of  assumptions  which  are  as  yet  unverifiable  and  which  seem 
dubious  from  a  biological  point  of  view. 

In  further  investigation  of  the  production  of  gross  structural  changes 
involving  two  or  more  breaks,  the  effect  of  variations  in  the  timing  of  the 
irradiation  applied  to  mature  Drosophila  spermatozoa  was  studied.  It 
was  found  that  radical  differences  in  timing,  brought  about  in  one  case  by 
dividing  the  dose  into  four  fractions  separated  by  intervals  of  a  week  and 
in  another  case  by  extending  it  throughout  a  month  at  an  intensity  of 
0.01  r/minute,  as  compared  with  a  single  concentrated  treatment  given 
at  100  r/minute,  caused  no  difference  in  the  frequency  of  the  transloca- 
tions produced  (see  Muller,  1938,  1939a,  c,  1940;  Makhijani,  1945).  It 
was  therefore  concluded  that,  in  the  case  of  all  the  breaks  produced  by 
independent  hits,  the  broken  ends  must  remain  open  (ununited)  as  long 
as  the  chromosomes  are  in  the  condensed  condition;  for,  if  they  had  been 
able  to  undergo  union  before  fertilization  occurred,  then  when  the  long 
protracted  or  widely  divided  treatments  were  given,  some  of  the  broken 
ends  would  have  undergone  restitution  before  having  a  chance  to  unite 
with  the  ends  derived  from  breaks  which  were  produced  later,  and  these 
treatments  would  therefore  have  yielded  fewer  structural  changes  than 
the  concentrated  ones.  These  findings  were  later  confirmed  by  others 
(e.g.,  Dempster,  1941a;  Kaufmann,  1941),  but  experiments  of  Catsch 
and  Radu  (1943)  indicated  that,  in  spermatozoa  that  were  not  fully 
mature  (those  of  a  few  days  before  ejaculation),  some  union  of  broken 
ends  does  occur,  inasmuch  as  divided  treatments  in  this  case  did  give 
reduced  frequencies  of  translocations.  However,  the  interpretation 
applied  by  Lane  to  the  similar  results  in  plant  material  (see  Chap.  7, 
Sect.  15,  and  the  discussion)  is  not  yet  ruled  out,  namely,  that  an  earlier 
irradiation  may  in  such  cells  decrease  the  susceptibility  of  the  chromo- 
somes to  breakage  by  a  later  irradiation.  It  is  possible,  alternatively,  in 
view  of  Liining's  (1952a,  b,  c,  d)  findings,  that  the  stage  at  which  the 
undivided  treatment  was  applied  was  an  especially  susceptible  one. 

The  question  arises  as  to  why  the  frequency  of  gross  structural  changes 
produced  by  irradiation  of  mature  spermatozoa  was  proportionate  to 
only  the  ^^  power  instead  of  the  square  of  the  dose.  Since  the  individual 
breaks  vary  as  the  first  power  of  the  dose  and  most  of  the  gross  structural 
changes  studied  must  have  involved  two  of  these  breaks,  a  square  relation 
might  at  first  sight  have  been  expected  if  the  two  breaks  were  usually 
produced  independently  of  one  another.  A  main  answer  to  this  ques- 
tion, in  this  material,  lies  in  the  fact  that,  at  the  higher  doses  used,  a 
considerable  proportion  of  the  structural  changes  involve  more  than  two 
breaks.  Thus  at  the  higher  doses  the  number  of  breaks  involved  in  the 
structural  changes  is  not  adequately  represented  by  a  mere  count  of  the 
number  of  structural  changes.     Moreover  and  more  important,  the  more 


484  RADIATION   BIOLOGY 

complicated  combinations  include  a  higher  proportion  of  inviable  aneu- 
centric  rearrangements  than  do  the  two-break  combinations  that  prevail 
at  lower  doses.  Since  these  combinations  become  lost  to  view  by  the 
genetic  methods  used,  in  which  only  viable  offspring  are  scored,  the 
count  of  structural  changes  registered  at  higher  doses  becomes  still  more 
reduced,  in  comparison  with  the  number  of  breaks  that  actually  took 
part  in  structural  changes  at  these  doses. 

If  this  is  a  correct  interpretation  of  the  approximate  ^^  rule  observed 
in  this  material,  it  is  not  to  be  regarded  as  representing  a  fixed  relation. 
For  a  lower  range  of  doses  than  that  ordinarily  used,  the  frequency  should 
follow  more  nearly  the  square  of  the  dose  since  the  complications  men- 
tioned will  be  relatively  infrequent,  whereas  for  a  higher  range  of  doses 
the  frequency  should  follow  a  power  of  the  dose  smaller  than  ^2.  In  cor- 
respondence with  this  expectation  it  was  found  (Muller,  1940)  that,  at 
doses  between  375  and  1500  r,  the  translocation  frequency  appeared  to  be 
nearly  proportionate  to  the  square  of  the  dose.  Although  these  data 
were  too  few  to  be  conclusive,  they  receive  confirmation  through  the  fact 
that  the  same  trend  may  be  seen  in  the  translocation  frequencies  reported 
by  Catsch,  Kanellis,  and  Radu  (1943)  and  Catsch  (1948)  for  Drosophila, 
when  their  results  for  the  range  1000-2000  r  are  compared  with  those  for 
the  range  2000-4000  r.  Nevertheless,  further  data,  on  even  lower  doses, 
are  to  be  desired,  especially  since,  as  will  be  explained  later,  a  change  of 
opposite  sign  in  the  relation  (i.e.,  a  reduction  in  the  exponent)  is  expected 
to  set  in  at  still  lower  doses  than  those  yet  tested  for  gross  structural 
changes  in  Drosophila. 

The  microspores  of  the  spiderwort  Tradescantia  have  furnished  the 
main  material  for  direct  cytological  observation  of  the  structural  changes 
in  chromosomes  caused  by  ionizing  radiation.  It  was  shown  by  Sax 
(1938,  1939,  1940,  1941)  and  confirmed  by  others  (e.g.,  MarineUi  et  al, 
1942;  Thoday,  1942)  that  in  this  material  the  frequency  of  chromosome 
fragments  and  bridges  derived  from  single  breakage  varies  linearly,  i.e.,  in 
direct  proportion  to  the  total  X-ray  dose.  The  same  result  was  soon 
afterward  obtained  by  Marquardt  (1941)  on  Bellevalia,  by  Carlson  (1941) 
on  neuroblasts  of  the  grasshopper  Chortophaga,  and  by  Reynolds  (1941) 
on  the  cheese  mite  Sciara.  The  frequency  of  gross  structural  changes  such 
as  translocations  and  rings,  representing  more  than  one  break,  the  ends 
of  which  have  exchanged,  was,  however,  proportional  to  a  power  of  the 
dose  higher  than  1.  When  the  doses  were  varied  and  yet  the  exposure 
time  was  maintained  constant  (Sax,  1940,  1941)  or  so  high  an  intensity 
was  used  that  the  total  exposure  time  was  always  very  short  (Sax  and 
Brumfield,  1943),  this  power  was  approximately  the  square.  This  result 
does  not  disagree  in  principle  from  the  Drosophila  results  because  in  this 
material,  mainly  irradiated  during  interphase  or  early  prophase,  the 
chromosomes  remained  relatively  dispersed  during  the  period  between 
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breakage  and  union  and  hence  did  not  have  as  much  opportunity  as  in 
Drosophila  to  form  combinations  more  complicated  than  two-by-two 
exchanges.  Moreover,  it  was  the  aneucentric  rather  than  the  eucentric 
combinations  which  were  usually  detected  cytologically  in  Tradescantia, 
unlike  Drosophila,  and  the  frequency  of  these  aneucentric  combinations  is 
expected  to  rise  with  dose  more  rapidly  than  that  of  the  eucentric  types. 

When,  on  the  other  hand,  the  dose  applied  to  Tradescantia  was  varied 
by  altering  its  duration,  with  the  longer  treatments  lasting  several  min- 
utes or  tens  of  minutes,  the  frequency  of  exchanges  was  observed  by  Sax 
to  vary  according  to  approximately  the  %  power  of  the  dose  as  it  had  in 
the  Drosophila  work,  although  for  a  different  reason.  With  the  dose 
varied  by  delivering  different  numbers  of  widely  separated  fractional 
exposures,  a  linear  relation  was  obtained  (Nebel  et  al.,  1942).  Accord- 
ing to  Sax  the  reason  for  such  effects  of  protracted  treatments  is  that  the 
broken  ends,  in  the  given  interphase  stages,  are  able  to  undergo  union 
before  the  irradiation  is  finished  so  that  their  restitution  (and,  in  some 
stages,  isochromatid  union)  often  occurs  before  other  broken  ends  have 
been  produced  which  might  otherwise,  with  a  shorter  dose  of  the  same 
total  amount,  have  undergone  exchange  unions  with  them.  This  time 
restriction  on  joining  tends  to  divide  up  the  prolonged  or  fractionated 
dose  into  a  number  of  more  or  less  self-contained  (even  if  overlapping) 
smaller  fractions ;  the  broken  ends  derived  from  each  fraction  are  only  to 
a  small  extent  available  to  those  derived  from  other  fractions.  Thus  the 
total  frequency  of  exchanges  formed  tends  to  be  more  or  less  linearly  pro- 
portional to  the  number  of  these  fractions  given,  although  within  each 
fraction  the  frequency  varies  as  the  square  of  the  dose  deUvered  in  that 
time. 

Results  of  fractionating  the  treatment,  with  different  intervals  between, 
indicated  that  most  of  the  unions  took  place  within  10-20  minutes  after 
breakage,  although  a  relatively  few  broken  ends  remained  open  and  join- 
able  for  a  very  much  longer  period.  As  mentioned  in  Chap.  7,  however, 
Lane  (1951),  on  the  basis  of  his  observations,  concludes  that  in  the  Trades- 
cantia material  the  ends  remain  open  until  much  later,  much  as  in  sperma- 
tozoa, and  that  the  lesser  effectiveness  of  the  protracted  and  fractionated 
treatments  is  caused  by  the  irradiation  inducing,  in  addition  to  the  break- 
ages, a  lowered  susceptibility  of  the  chromosomes  to  breakage  by  subse- 
quently applied  radiation.  Recent  results  by  Swanson  (1949)  show  that, 
even  18  hours  after  exposure  to  X  rays,  the  frequency  of  exchange  unions 
in  Tradescantia  microspores  can  still  be  increased  substantially  by  appli- 
cation of  infrared.  Unless  this  is  (as  Swanson  believes  probable)  due  to 
the  production  of  new  breaks,  it  shows  that  many  breaks,  due  otherwise 
to  restitute,  have  remained  open  for  this  length  of  time.  Curiously,  in 
barley  seeds,  Kaplan  (1951)  finds  that  fractionation  causes  an  increase  in 
chromosome  aberrations.     After  much  computation,  he  concludes  from 
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this  that  broken  ends  tend  to  lose  their  capacity  to  unite  with  ends  from 
other  breaks  before  they  become  incapable  of  restitutional  union.  How- 
ever, the  effect  could,  alternatively,  be  interpreted  by  applying  Lane's 
explanation  in  reverse  to  this  case,  i.e.,  on  the  assumption  that,  in  this 
material  with  the  given  interval  (48  hours),  one  irradiation  causes  a 
heightened  breakage  susceptibility  to  a  later  irradiation. 

Regardless  of  the  way  these  questions,  which  are  still  under  dispute 
(Sax  and  Luippold,  1952;  Lane,  1952),  are  settled,  the  fact  that  the  fre- 
quency of  observed  exchange  aberrations  in  Tradescantia  microspores 
approximates  the  %  power  of  the  dose  instead  of  its  square,  under  the 
given  conditions,  is  caused  by  other  factors  than  in  Drosophila  sperma- 
tozoa; yet  the  fundamental  mechanism  involved,  that  of  the  union  of 
ends  derived  from  independently  produced  breaks,  the  chance  of  produc- 
tion of  each  of  which  varies  linearly  with  the  dose,  is  the  same  in  both 
cases.  Moreover,  in  both  cases  the  union  of  broken  ends  must  occur 
when  the  chromosomes  are  in  a  relatively  uncondensed  condition.  In 
Tradescantia  and  Chortophaga  this  is  shown  by  the  fact  that  irradiation 
before  a  certain  stage  of  interphase  results  in  exchanges  of  pieces  of  chro- 
mosomes, both  chromatids  from  which  are  thereby  affected  alike,  and 
not  in  exchanges  of  separately  participating  chromatids,  whereas  later 
irradiation  does  give  exchanges  that  affect  individual  chromatids  differ- 
ently from  their  sisters.  For  further  details  of  the  effects  produced  on 
the  incidence  of  different  types  of  structural  changes  by  varying  the  stage 
and  the  conditions  of  irradiation,  as  determined  by  direct  cytological 
observation,  and  for  deductions  thereby  made  concerning  chromosome 
behavior  and  the  manner  of  action  of  radiation,  the  reader  is  referred  to 
the  chapters  on  this  subject. 

It  is  deducible  on  physical  grounds  that,  despite  gross  structural 
changes  varying  in  their  frequency  with  the  square  of  the  dose  or  with 
an  exponent  which  approaches  the  square  as  the  dose  is  reduced,  the 
exponent  must,  nevertheless,  at  still  lower  doses  become  smaller  again 
until  the  relation  becomes  a  simple  linear  one.  Within  any  given  cell 
or  within  that  "critical  volume"  of  any  cell  which  is  small  enough  for 
the  ends  derived  from  different  breaks  to  be  able  to  meet  and  unite  with 
one  another,  the  amount  of  radiation  received  at  very  low  doses,  over  a 
period  long  enough  to  allow  union  of  ends,  will  not  be  affected  except  in 
an  all-or-none  way  by  alteration  of  the  dose  applied  from  outside.  For 
each  cell  or  critical  volume  which  receives  any  radiation  at  all  within  this 
period  will  at  such  doses  be  traversed  by  only  one  electron  track,  and 
that  cell  or  volume  will  then  be  subject  to  a  minute  but  constant  and  cal- 
culable chance,  no  longer  related  to  the  size  of  the  external  dose,  of  having 
a  structural  change  produced  in  it.  Changing  the  dose,  at  these  levels, 
will  not  alter  the  amount  of  radiation  received  within  a  critical  volume 
that  receives  any  radiation  at  all  but  only  the  number  of  units  of  volume 
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which  recei\'e  radiation.  The  number  of  these  units  within  a  given 
amount  of  tissue  will  necessarily  vary  in  direct  proportion  to  the  dose; 
hence  the  frequency  of  gross  structural  changes  must  vary  in  this  manner. 

Few  experiments  have  involved  doses  which  were  low  enough  in  totality 
or  in  intensity  (i.e.,  doses  which  delivered  a  small  enough  amount  of  radi- 
ation within  the  time  necessary  for  the  process  of  union  of  ends  to  com- 
plete itself)  to  allow  this  linear  relation  of  the  frequency  of  gross  structural 
exchanges  to  dosage  to  become  observable.  This  condition  was,  however, 
fulfilled  in  certain  experiments  of  Catcheside,  Lea,  and  Thoday  (1946) 
and  of  Sax  (1950)  on  Tradescantia  microspores.  In  the  first-mentioned 
work  the  time  of  exposure  was  held  constant,  and  the  frequency  of  cyto- 
logically  observed  gross  exchanges  between  broken  ends  would  therefore, 
under  ordinary  circumstances,  have  been  proportional  to  the  square  of 
the  dose,  but  the  time  of  exposure  was  so  long,  251  minutes,  i.e.,  the 
intensity  was  so  low,  that  at  doses  of  25  and  50  r  the  frequency  followed 
the  first  power  of  the  dose  almost  exactly.  Thus  the  great  majority  of 
the  exchanges  at  these  doses  must  have  had  both  their  breaks  arising  as 
effects  of  the  same  projected  particle.  Even  at  150  r,  as  the  curve 
showed,  about  one-third  the  exchanges  must  still  have  been  derived  from 
nonindependent  breaks.  Less  direct  evidence  of  the  operation  of  the 
linear  rule  for  interchanges  at  low  doses  is  moreover  provided  by  the 
fact  that,  with  very  low  intensities  of  radiation  or  with  very  small  but 
often  repeated  doses,  some  of  the  subtler  forms  of  long-term  damage, 
such  as  the  lowering  of  the  expectation  of  life,  appear  to  be  simply  pro- 
portionate, in  amount,  to  the  total  accumulated  dosage.  In  this  con- 
nection it  may  be  noted  that  the  greater  the  specific  ionization  of  the 
radiation — or,  more  accurately,  the  greater  the  number  of  ions  which  are 
produced  within  a  critical  volume  as  effects  of  the  same  projected  parti- 
cle— the  sooner  this  linear  rule  will  come  into  operation  as  the  dosage  is 
lowered,  since  the  frequency  of  independent  tracks  falling  within  a  critical 
volume  in  the  required  time  will  be  lower. 

In  the  work  on  breakage  and  structural  changes,  as  in  that  on  gene 
mutations,  tests  were  made  of  the  relative  effectiveness  of  different 
wave  lengths.  Definitive  evidence  was  obtained  by  Muller  (1939a,  b,  c, 
1940),  wdth  the  collaboration  of  Ray-Chaudhuri,  showing  that  7  rays 
from  radium  and  ordinary  X  rays,  when  applied  to  Drosophila  sperma- 
tozoa, produce  translocations  with  sensibly  the  same  frequency.^     More 

^  Eberhardt  (1939)  obtained  data  indicating  that  this  was  true  of  the  special  class  of 
translocations  which  give  the  cubitus-interruptus  position  effect.  However,  these 
results  are  not  cited  because  the  questionable  results  on  dosage  which  were  obtained 
with  this  material  at  the  same  time  raise  serious  doubts  (see  p.  481)  concerning  the 
reliability  of  the  methods  of  culturing  and  of  scoring  used  for  this  very  variable 
character.  The  same  doubts  apply  to  the  peculiar  results  later  reported  by  Eber- 
hardt and  Zimmer  (1940)  on  the  effects  of  differently  timed  doses  on  the  frequency  of 
translocations  of  this  special  kind. 
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recently,  Muller,  Valencia,  and  Valencia  (unpublished  data)  have  found 
that  in  this  material  8-kvp  (1.5  A)  and  200-kvp  X  rays  produce  not  only 
translocations  but  also  individual  chromosome  breaks,  as  represented  by 
chromosome  losses,  with  the  same  frequency.  The  equivalence  of  these 
different  types  of  radiation  shows  that  the  individual  breaks  are  similar 
to  individual  gene  mutations  in  that  they  are  not  produced  in  appreciable 
measure  by  the  cooperation  of  ionizations  or  activations  derived  from 
separate  electron  tracks  but  are  caused  either  by  the  single  ionizations 
and/or  activations  or  by  the  natural  clusters  of  them  occurring  in  8  rays 
and  in  the  ends  of  electron  tracks  in  general. 

Similarly  in  Tradescantia  microspores,  Faberge  (1940b)  found  X  rays 
from  0.44  down  to  0.077  A  to  be  equally  effective  in  the  production  of 
chromosome  fragments.  In  the  same  material  Kotval  is  reported  by 
Lea  (1946)  to  have  found  X  rays  and  y  rays  to  be  about  equally  effec- 
tive; the  changes  looked  for  by  Kotval  were  chromatid  breaks,  isochro- 
matid  breaks  (breaks  detected  in  each  of  a  pair  of  sister  chromatids  in 
like  positions),  and  chromatid  interchanges.  It  is  true  that  Kirby-Smith 
and  Daniels  (1952)  have  reported  that  chromosome  aberrations  are  pro- 
duced with  approximately  half  as  much  efficiency  by  irradiation  of  Trades- 
cantia pollen  with  high-energy  y  and  /3  rays  as  by  irradiation  with  250-kvp 
X  rays.  This  may  be  due  to  the  more  dispersed  ionizations  and  acti- 
vations, caused  by  the  y  rays,  producing  breaks  that  are  likewise  more 
dispersed  spatially.  If  this  interpretation  is  correct,  many  of  the  aberra- 
tions produced  by  X  rays  must  have  had  both  their  breaks  arising  in  the 
same  electron  track.  This  situation  would  be  difficult  to  reconcile  with 
a  frequency  which,  for  short  or  constant  exposure  times,  varies  with  the 
square  of  the  dose. 

3.  NUMBER  OF  IONIZATIONS  NECESSARY  FOR  BREAKAGE 

The  question  arises :  can  a  single  ionization  or  activation  cause  a  break, 
or,  if  not,  how  large  a  natural  cluster  of  ionizations  is  necessary  for  pro- 
ducing this  effect?  Observations  of  Catcheside  and  Lea  (1943)  on  the 
effectiveness  of  X  rays  ranging  from  the  extremely  soft  rays  of  8.3  and 
4.1  A  through  1.5-0.15  A  have  been  regarded  as  bearing  on  this  question. 
The  changes  studied  were  chiefly  chromatid  and  isochromatid  breaks  pro- 
duced by  irradiating  germinating  Tradescantia  microspores  at  a  stage 
when  chromatids  have  presumably  formed  but  still  lie  very  close  to 
each  other.  The  examinations  were  conducted  at  the  subsequent  meta- 
phase,  about  14)^^-17  hours  after  irradiation,  the  chromosomes  having 
been  held  at  that  stage  for  an  indefinite  period  by  application  of  acenaph- 
thene.  The  data  showed  that,  in  the  production  of  both  these  changes, 
0.15-A  radiation  was  nearly  as  effective  as  1.5  A,  but  that  4.1  A  gives  a 
pronounced  peak,  with  a  frequency  of  each  type  of  change  about  60  per 
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cent  higher  than  that  given  by  the  two  shorter  wave  lengths,  whereas 
8.3  A  gives  a  far  lower  frequency  than  any  of  the  others.  Lea  (1946) 
interprets  these  results  as  meaning  that  about  15  ionizations  are  usually 
necessary  to  produce  a  break;  for  he  calculates  that,  considering  the 
thickness  of  a  chromatid  thread  (reckoned  to  be  0.1  n),  groups  of  ioniza- 
tions of  at  least  this  size  (15  ionizations),  lying  at  the  ends  of  tracks,  fall 
within  a  thread  in  correspondingly  greater  abundance  (i.e.,  about  60  per 
cent  oftener)  when  4.1-A  than  when  1.5-A  radiation  is  used,  while  with 
the  8.3-A  treatment,  a  group  of  ionizations  as  large  as  this  comes  to  lie 
inside  a  0.1-m  thread  far  less  often.  Curiously  enough,  he  finds  a  wave- 
length-frequency curve  of  the  same  shape,  with  a  peak  at  4.1  A,  on  cal- 
culating the  probabilities,  at  the  different  wave  lengths,  of  a  large  enough 
cluster  coming  to  lie  simultaneously  within  each  of  two  contiguous  sister 
chromatids,  so  as  to  give  rise  to  isochromatid  breaks. 

In  considering  the  meaning  of  these  data  it  should  be  borne  in  mind 
that,  at  the  stage  at  which  the  irradiations  were  carried  out  and  for  some 
time  thereafter,  the  two  sister  chromatids  derived  from  each  chromosome 
were  in  a  relatively  extended  condition,  with  their  corresponding  parts 
lying  in  close  juxtaposition  with  each  other.  Evidently  they  were  held 
together  by  surrounding  material  and/or  by  forces  of  attraction,  very 
likely  by  those  exerted  between  homologous  genes.  Hence,  in  cases  in 
which  only  one  chromatid  of  a  pair  of  sister  threads  was  broken,  the  two 
broken  ends  would  be  more  likely  to  meet  again  because  of  the  binding 
action  exerted  by  the  other  chromatid,  so  as  to  cause  restitution  of  the 
broken  thread  before  the  stage  at  which  cytological  observations  were 
made,  than  if  both  chromatids  had  been  broken  at  once  at  nearby  points ; 
if  both  had  been  broken,  the  splintlike  influence  of  one  chromatid,  tend- 
ing to  pull  the  pieces  of  its  broken  sister  thread  back  into  a  position  for 
restitution,  would  be  absent  or  much  weakened. 

Now  if  the  action  of  the  ionizations  in  causing  breakage  is  narrowly 
localized,  as  may  be  inferred  on  other  grounds  (see  pp.  517-525)  as 
well  as  on  those  provided  by  this  experiment,  then  those  types  of  radi- 
ation which  give,  in  proportion  to  the  total  ionization  produced  by 
them,  more  ion  clusters  of  a  length  great  enough  to  be  within  "striking" 
range  of  the  two  sister  chromatids  at  once,  would  tend  to  cause  more 
cases  of  breakage  of  both  chromatids  simultaneously,  in  relation  to  cases 
of  breakage  of  single  chromatids.  Thus  the  reason  that  radiations  of  1.5 
and  0.15  A  are  less  effective  than  that  of  4.1  A  in  causing  simultaneous 
breaks  of  two  sister  chromatids  must  be  essentially  that  a  larger  propor- 
tion of  the  ionizations  produced  by  the  1.5-  and  0.15-A  radiation  are 
scattered,  while  that  of  8.3  A  is  much  less  effective  than  4.1  A  because, 
although  all  its  ionizations  occur  in  clusters,  these  are  usually  too  short 
(Lea,  1946)  to  be  able  to  affect  both  sister  chromatids. 

It  can  be  shown  that  this  effect  of  the  wave  length  of  the  radiation 
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on  the  probability  of  double  breakage  would  in  itself  explain  not  only 
the  relative  frequencies  of  the  observed  "isochromatid"  breaks  but  also 
the  strangely  identical  pattern  of  relative  freciuencies  of  the  observed 
single  chromatid  breaks,  without  invoking  a  multiple  action  of  ions  on 
any  given  chromatid.  This  is  because,  in  many  cases  in  which  breaks  of 
both  chromatids  had  occurred,  one  of  them  would  finally  manage  to  resti- 
tute before  the  stage  at  which  the  observations  were  made  (or,  alterna- 
tively, one  fragment  of  one  thread  would  unite  with  the  nonhomologous 
fragment  of  the  other  thread),  and  the  observer  would  get  the  impression 
of  a  single  chromatid  break.  In  such  a  case,  simultaneous  occurrence  of 
the  two  breaks  would  have  assisted  in  the  original  separation  of  fragments 
after  breakage,  even  though  that  separation  became  permanent  for  only 
one  of  the  threads.  It  seems  likely  that  a  considerable  majority  of  the 
apparently  single  breaks  are  really  relics  of  these  original  double  breaks 
and  that  few  are  derived  from  the  breaks  which  were  originally  single 
since  the  latter,  although  doubtless  far  more  numerous,  w^ould  have  had 
a  much  stronger  tendency  to  restitution. 

If  this  analysis  is  correct,  the  data  under  discussion  give  no  ground  for 
following  Catcheside  and  Lea's  inference  that  the  ionizations  cooperate 
with  one  another  in  producing  individual  breaks  in  the  first  place.  The 
greater  frequency  of  apparently  single  breaks  with  a  given  type  of  radi- 
ation would  really  be  referable  only  to  the  greater  frequency  of  the  origi- 
nally double  breaks  from  which  most  of  them  had  been  derived.  That  is, 
there  is  nothing  to  show  that  that  particular  spatial  distribution  of  ions 
which  is  more  conducive  to  double  breaks  in  relation  to  single  breaks  is 
actually  more  efficient  in  the  primary  production  of  breaks.  Hence  it 
must  be  left  an  open  question  whether  clustering  of  ions  favors  primary 
breakage.  It  seems  at  least  equally  tenable  (and  more  so,  by  analogy 
with  what  is  known  of  gene  mutations)  that  the  individual  ionizations 
and/or  activations  are  the  effective  agents  in  breakage,  although  any 
single  one,  even  if  located  within  a  chromosome,  would  give  only  a  small 
probability,  P,  of  breaking  the  chromosome.  A  cluster  of  n  of  these 
ionizations  or  activations  would  according  to  this  mechanism  afford 
approximately  n  times  this  probability  or,  more  accurately,  a  probability 
of  1  -  (1  -  P)". 

Among  the  experiments  on  the  efTects  of  radiation  of  different  specific 
ionization  in  producing  chromosome  changes  in  Tradescantia  was  a  series 
with  a  rays  (Kotval  and  Gray,  1947).  This  radiation  proved  twice  as 
efficient  as  neutrons  in  producing  breaks  in  tw^o  sister  chromatids  simul- 
taneously. This  must  have  been  caused  in  part  by  a  greater  likelihood 
of  the  a  rays  being  within  simultaneous  reach  of  both  chromatids  and  in 
part  by  a  lower  restitution  frequency  (Lea,  1946).  In  support  of  the 
latter  inference  was  the  finding  that,  for  a  given  frequency  of  observable 
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breakage,  there  were  more  cases  in  which  the  broken  ends  had  failed  to 
unite  with  any  others,  either  by  isochromosome  formation  or  by  union 
with  ends  derived  from  other,  nonhomologous  breaks. 

The  lesser  frequency  of  union  of  broken  ends  caused  by  a-ray  treat- 
ment has  been  taken  (Lea,  1946;  Catcheside,  1948)  to  mean  that  the 
broken  ends  had,  in  the  case  of  such  radiation,  more  often  been  so  affected 
as  to  make  them  actually  incapable  of  union,  i.e.,  that  they  had  been 
caused  to  "heal."  However,  just  as  radiation  giving  relatively  long  dense 
clusters  of  ions  is,  as  has  just  been  noted,  especially  likely  to  cause  two 
breaks  in  adjoining  chromatids,  so  it  must  be  especially  likely  also  to 
cause  two  or  more  nearby  breaks  within  the  same  chromatid.  The 
more  of  these  nearby  breaks  that  occur  in  a  given  chromatid  the  smaller 
will  be  the  chance  that  one  of  the  major  chromosome  pieces  thus  formed 
will  manage  to  undergo  union  with  another  major  piece,  either  directly 
or  via  an  interstitial  minute  fragment.  At  the  same  time  it  is  to  be 
expected  that  these  interstitial  fragments  would  often  be  too  small  to  be 
readily  detected  by  ordinary  cytological  means.  Since  the  a-ray  tracks 
are  characterized  by  especially  dense  ionization,  even  as  compared  with 
that  in  the  proton  tracks  produced  by  neutrons  and  in  the  "tails"  of 
electron  tracks,  and  since  a  tracks  are  also  far  longer  than  these  tails, 
a  radiation  would  produce  an  unusually  high  frequency  of  neighboring 
breaks  in  a  given  chromatid  or  chromosome.  It  is  therefore  unnecessary 
to  suppose  that  this  radiation  is  unusually  potent  in  causing  the  ends  to 
become  actually  unjoinable  (healed). 

The  question  of  whether  one  ionization  or  activation  is  sufficient  to 
cause  a  break  or  whether  a  cluster  is  necessary  might  be  decided  if  suit- 
able studies  could  be  made  of  the  comparative  effectiveness,  in  producing 
individual  breaks,  of  radiation  of  different  specific  ionizations  applied  at 
a  stage  when  the  threads  are  known  to  be  really  single.  Data  of  Thoday 
(1942),  according  to  calculations  of  Lea  and  Catcheside  (1942),  show  that 
neutrons  are  about  twice  as  effective  as  ordinary  X  rays  in  causing  chro- 
mosome breaks  that  can  later  be  detected,  when  applied  to  Tradescantia 
microspores  at  a  stage  which  does  not  give  detectable  breaks  in  individual 
chromatids.  This  result  would  appear  to  show  that  ionizations  or  activa- 
tions which  are  close  together  act  synergistically  in  causing  breaks  of 
single  threads.  However,  it  is  still  possible  that  the  chromosomes  con- 
sisted of  two  or  several  closely  adjacent  sister  strands  at  the  time  they 
were  treated,  even  though  in  breakage  these  strands  behaved  as  though 
they  were  single,  in  that  the  sister  strands  could  not  break,  or  at  least 
remain  broken,  separately,  and  that  they  also  joined  sequentially  and 
never  by  a  fusion  of  a  broken  end  with  its  side-by-side  sister  end.  In 
that  case,  as  when  visibly  separate  chromatids  were  treated,  a  break 
would  be  expected  to  be  more  likely  (or  only  able)  to  persist  if  it  involved 
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both  or  all  sister  strands,  and  radiation  of  higher  specific  ionization  would 
(up  to  a  point  representing  the  degree  of  crowding  optimal  for  efficiency  in 
this  respect)  be  better  able  to  effect  the  required  multiple  breakage. 

Another  way  in  which  greater  local  ion  density  might  in  some  material 
favor  the  production  of  breaks  which  persisted  long  enough  to  be  detected 
is,  as  was  pointed  out  in  connection  with  a  radiation,  by  the  production  of 
two  or  more  nearby  breaks  in  the  same  strand.  This  mechanism  would 
not  recjuire  the  presence  of  more  than  one  strand  in  a  chromosome.  How- 
ever, the  apparent  loss  in  efficiency  caused  by  the  recording  of  a  multiple 
break  as  a  single  one  would  have  to  be  compensated  for  by  a  double  break 
being  more  than  twice  as  likely  as  a  single  one  to  result'  in  the  persistence 
of  visible  fragmentation  of  the  chromosome.  A  relation  of  this  kind  is 
indeed  a  probable  one  for  some  types  of  material,  since  a  small  interstitial 
fragment  which  was  deleted  might  more  readily  float  away  than  the  large 
pieces,  and  the  broken  ends  of  the  latter,  being  farther  removed  from 
one  another  than  if  they  had  been  derived  from  a  really  single  break, 
might  then  be  less  than  half  as  likely  to  achieve  union  with  one  another. 
This  would  furnish  an  explanation  of  the  finding  (Dempster,  1941b;  Fano, 
1942)  that  neutron  treatment  of  Drosophila  spermatozoa  is,  at  low  doses, 
13^-^-2  times  as  efficient  as  X-ray  treatment  in  producing  dominant  lethals. 
The  accessory  hypothesis  that  the  ionizations  act  synergistically  in  the 
production  of  the  primary  breaks  would  then  be  unnecessary,  and  it 
would  also  be  unnecessary  to  assume  that  the  spermatozoan  chromo- 
somes consisted  of  more  than  one  strand. 

4.  PRODUCTION  OF  MINUTE  STRUCTURAL  CHANGES 
BY  IONIZING  RADIATION 

Evidence  that  structural  changes  involving  two  breaks  at  points  very 
near  each  other  in  the  same  chromosome  are  produced  in  higher  frequency 
than  would  be  expected  if  breaks  and  unions  occurred  in  a  random  way 
was  first  obtained  from  an  analysis  of  nondeficient  structural  changes 
having  a  position  effect  on  a  particular  group  of  loci,  that  of  the  scute 
region  of  Drosophila  (Muller,  Prokofyeva,  and  Raffel,  1934,  1935).  Ordi- 
nary two-break  deletions  (deficiencies)  are  not  used  as  evidence  here 
because,  before  the  offspring  in  which  they  are  detected  come  to  maturity, 
these  deletions  have  been  subjected  to  a  natural  selection  for  small  size 
by  reason  of  the  low  survival  of  individuals  heterozygous  for  moderate- 
and  large-sized  deficiencies.  However,  it  was  possible  to  use  minute  dele- 
tions to  obtain  information  of  another  kind  bearing  on  this  matter.  This 
involved  a  study  of  their  frequency  in  relation  to  the  dose  of  radiation, 
to  determine  whether  it  depends  on  the  dose  in  a  simple  linear  manner, 
as  is  true  of  gene  mutations,  or  varies  as  the  %  power  of  the  dose  (as 
had  already  been  found  to  hold  for  gross  rearrangements  in  Drosophila). 
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Convenient  for  this  purpose  were  the  very  small,  phenotypieally  recog- 
nizable deletions  which  were  know^n  to  occur  in  extraordinary  abundance 
in  and  near  the  heterochromatic  regions  of  chromosomes  (known  as  scute 
8,  scute  SI,  and  Bar  M2)  in  which  by  a  structural  change  the  loci  for 
certain  visible  "markers"  had  been  placed  near  heterochromatin  (Muller, 
Prokofyeva-Belgovskaya,  and  Raffel,  1937;  Belgovsky  and  Muller,  1937; 
Belgovsky,  1938).  The  tests,  carried  out  by  Belgovsky  in  collaboration 
Avith  Muller  (Belgovsky,  1939;  Muller,  1938)  and  later  confirmed  (Muller, 
1940;  Muller  and  Valencia,  unpublished  data),  showed  clearly  that  the 
frecjuency  of  these  minute  deletions  is  directly  proportional  to  the  dose. 
At  low  doses  then  their  frequency  must  be  unusually  high  compared  with 
that  of  gross  rearrangements. 

More  recently  Panshin  et  al.  (1946)  have  reported  that,  in  another 
structurally  changed  chromosome,  the  phenotypic  changes  observed  by 
them  in  the  regions  bordering  on  and  including  heterochromatin  showed 
a  frequency  nearly  proportional  to  the  square  of  the  dose,  much  like  gross 
structural  changes.  Their  material,  however,  was  different  from  that  of 
the  previously  cited  studies  in  that  the  chromosome  which  they  used, 
known  as  white-mottled  4,  allowed  larger  deletions  to  survive  than  were 
viable  in  the  earlier  experiments.  This  was  because  the  white-mottled-4 
chromosome  was  not  closely  hemmed  in,  on  the  euchromatic  side  of  the 
region  studied,  by  either  the  free  end  of  the  chromosome  (as  in  scute  8 
and  scute  SI)  or  by  a  gene  whose  loss  was  lethal  to  the  heterozygote  (as 
in  Bar  M2).  In  addition,  a  larger  number  of  phenotypieally  observable 
changes  produced  in  this  chromosome  may  be  position  effects  of  gross 
rearrangements.  If  in  their  data  attention  is  confined  to  changes  of  a 
kind  especially  likely  to  be  minute  (represented  here  by  the  abundant 
cases  of  viable  whites,  which  these  investigators  took  to  be  gene  muta- 
tions, but  which  there  is  good  reason  to  classify  as  being  in  large  majority 
composed  of  minute  deletions  when  this  material  is  used),  then  it  becomes 
evident  that  here,  too,  the  minute  deletions  are  nearly  proportional  to  the 
first  power  of  the  dose. 

The  interstitial  fragments,  the  deletion  of  which  was  recognized  through 
phenotypic  effects  in  the  experiments  on  Drosophila  just  cited,  were  so 
small  that  they  could  not  have  been  seen  as  fragments  by  cytological 
observation  of  chromosomes  in  mitotic  or  near-mitotic  stages,  although 
in  salivary-gland  chromosomes  their  absence  would  sometimes  have  been 
detectable.  Pieces  large  enough  for  cytological  detection  in  mitotic 
stages  should,  however,  be  capable  of  formation  by  the  clusters  in  the 
tails  of  electron  tracks  formed  by  ordinary  X  and  y  rays  since  these  tails 
attain  a  length  of  somewhat  over  ^-^  /jl.  Evidence  of  the  formation  of 
such  pieces  from  the  chromosomes  of  irradiated  Tradescantia  microspores 
is  to  be  found  in  the  cytological  observations  of  Rick  (1940).  These 
showed  that  chromosome  fragments  of  about  this  size,  of  interstitial  deri- 
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vation,  were  produced  with  a  frequency  which,  at  low  doses  and  doses  of 
low  intensity,  followed  approximately  the  first  power  of  the  dose.  At 
doses  of  higher  intensity,  as  the  dose  was  raised,  their  frequency  followed 
a  power  of  the  dose  which  approached  more  and  more  nearly  2.  It  was 
reasonable  to  conclude  from  this  result  that,  in  the  case  of  a  part  of  these 
small  deficiencies  (a  large  proportion  of  them  at  the  lower  doses),  the  two 
breaks  involved  were  produced  in  the  course  of  a  single  electron  track, 
these  cases  being  simply  proportional  in  frequency  to  the  dose,  and  that 
in  the  rest,  as  in  gross  structural  changes  in  general,  the  two  breaks  had 
been  produced  by  the  hits  of  independent  electron  tracks,  these  cases 
being  proportional  in  frequency  to  the  square  of  the  dose. 

The  deleted  pieces  dealt  with  by  Rick,  being  readily  visible  in  mitotic 
stages,  were,  of  course,  much  larger  than  those  studied  in  the  preceding 
Drosophila  experiments.  However,  the  actual  distance  between  the 
breaks  at  the  time  when  they  were  produced,  measured  not  along  the 
chromosome  thread  but  directly,  may  often  have  been  no  greater  than  for 
the  Drosophila  cases  since  the  chromosomes  were  doubtless  sufficiently 
coiled  to  bring  points  on  neighboring  rungs  much  closer  physically  than 
they  were  along  the  chromosome  thread.  It  would  probably  be  this 
physical  distance  between  two  given  points,  rather  than  their  distance 
along  the  chromosome  thread,  which  would  determine  whether  ions  of 
the  same  cluster  were  in  ''striking  range"  of  both  points. 

As  for  evidence  from  plant  material  concerning  still  smaller  deficien- 
cies, it  should  be  recalled  that,  according  to  Stadler's  interpretation,  many 
of  the  point  mutations  obtained  by  him  from  X-irradiated  cereals  are 
really  small  deletions  and  that  some  of  these  are  small  enough  to  be  able 
to  pass  down  through  the  male  gametophyte  generation.  Since  he  found 
the  frequency  of  the  induced  point  mutations  as  a  group  to  be  simply 
proportional  to  dose,  it  would  follow  that,  if  they  are  composed  in  any 
considerable  measure  of  small  deletions,  these  deletions  also  follow  the 
dose  in  a  linear  manner.  Thus  their  two  breaks  would  be  referable  to 
the  same  electron  track. 

In  regard  to  the  deletions  formed  within  euchromatic  regions  of  Dro- 
sophila chromosomes  the  evidence  still  seems  conflicting.  Earlier  work 
done  by  Makki  under  the  direction  of  Muller  (1940)  had  indicated  a 
linear  frequency-dose  relation  for  lethal  point  mutations  of  a  group  which 
were  presumed  to  be  mainly  small  deletions.  These  were  lethals  which 
showed  no  disturbance  of  crossing  over  and  which  had  arisen  in  connec- 
tion with  phenotypic  changes  referable  to  genes  ordinarily  giving  visible 
viable  mutations.  It  was  inferred  that,  in  these  cases,  two  neighboring 
breaks  had  been  produced  by  one  hit,  or,  as  should  now  be  said  (less 
committally),  in  the  course  of  one  electron  track. 

Demerec  and  Fano  (1941),  in  salivary-chromosome  observations  of  a 
considerable  number  of  deletions,  all  of  which  included  the  locus  of  Notch 
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wings,  found  that  the  spontaneously  arisen  ones  tended  to  be  very  small, 
of  not  more  than  13  of  the  "bands"  of  Bridges'  (1938)  standard  map. 
Those  resulting  from  the  X  irradiation  of  spermatozoa  had  a  much  larger 
range  of  size,  up  to  about  40  bands,  but  the  larger  they  were,  the  lower 
was  their  frequency,  exactly  contrary  to  the  expectation  for  random  posi- 
tions of  breakage.  These  induced  deletions  were  interpreted  as  probably 
being  composed  of  one  group  of  very  small  dimensions,  like  the  spontane- 
ous ones,  in  which  the  two  breaks  were  produced  by  a  single  hit  (or  track), 
and  a  second  group,  occupying  a  larger  range  of  size,  which  was  limited 
only  by  the  reduced  viability  of  large  deficiencies.  The  deletions  of  this 
second  type  were  supposed  to  have  had  their  two  breaks  produced  by 
independent  hits  (or  tracks). 

It  might,  however,  have  been  postulated  that  the  reason  that  the  spon- 
taneous deletions  occupied  a  more  limited  size  range  than  the  others  was 
because  most  of  them  had  arisen  in  interphase  nuclei,  in  which  the  chro- 
mosomes are  less  coiled  and  in  which  there  is  therefore  a  greater  physical 
distance  between  points  a  given  distance  apart  along  the  chromosome, 
whereas  the  induced  deletions  had  arisen  from  breaks  induced  in  the 
tightly  coiled  chromosomes  of  spermatozoa  and  from  unions  occurring  in 
chromosomes  which  were  still  somewhat  more  coiled  than  in  ordinary 
interphase.  As  for  the  question  why  even  those  deletions  which  had 
been  produced  by  radiation  showed  a  frequency  w^hich  declined  with  size, 
the  reason  (in  addition  to  that  of  the  lower  viability  of  larger  deletions) 
might  have  been  that  ends  derived  from  more  distant  breaks  are  less 
likely  to  come  into  contact  with  one  another.  It  is  true,  as  opposed  to 
this,  that  for  breaks  much  farther  apart,  represented  by  gross  inversions, 
the  frequencies  of  different  sizes  had  been  found  to  correspond  to  a  ran- 
dom distribution  of  breaks  (Bauer,  Demerec,  and  Kaufmann,  1938). 
However,  these  inversions  must  have  involved  chromosome  loopings  on 
a  far  larger  scale,  and  so  they  would  have  been  much  more  likely  to  be 
free  of  such  small-scale  distance  limitations.  Therefore  there  are  serious 
difficulties  in  the  way  of  using  these  results  for  drawing  conclusions  con- 
cerning the  mechanism  of  production  of  the  breaks  that  take  part  in  small 
deletions. 

It  happens,  moreover,  that  the  Notch  region  of  the  X  chromosome 
shows  certain  peculiarities  which  suggest  that  it  may  contain  a  duplica- 
tion of  loci  and  may  include  material  of  a  more  or  less  heterochromatic 
nature  (Prokofyeva-Belgovskaya,  1939).  It  may  therefore  be  subject  to 
forces  of  attraction  or  of  stress  which,  as  in  typical  heterochromatic 
regions,  cause  union  of  nearby  (not  necessarily  extremely  nearby)  points 
to  be  especially  likely  to  occur.  At  any  rate,  recent  work  (J.  I.  Valencia 
and  Muller,  1949)  on  the  sizes  of  deletions  induced  in  several  other  (per- 
haps more  typical)  euchromatic  regions  by  X  irradiation  of  Drosophila 
spermatozoa  has  shown,  for  deletions  of  more  than  three  of  the  bands  of 
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Bridges'  map,  a  random  distribution  of  distances  between  breaks,  when, 
as  in  the  other  study,  allowance  is  made  for  the  lower  viability  of  the 
larger  deletions.  At  the  same  time,  extremely  minute  deletions,  of  less 
than  four  bands,  although  infrequent  relatively  to  the  total,  occur  much 
oftener  than  they  would  on  a  random  distribution  of  breaks  and  unions. 
Although  these  results  do  not  in  themselves  prove  the  conclusion  that 
deletions  of  more  than  three  bands  usually  involve  two  independent 
breaks,  certain  other  recent  studies  (J.  I.  Valencia,  1952,  and  unpublished 
data)  indicate  that  euchromatic  deletions  of  such  a  size  as  to  be  readily 
visible  in  the  salivary-gland  chromosomes  (i.e.,  those  of  more  than  two  or 
three  bands)  do  not  arise  at  low  doses  at  as  high  a  frequency  as  would  be 
expected  if  the  rule  of  linear  proportionality  to  dose  held  true  for  any 
considerable  portion  of  them.  These  studies  are  not  yet  completed  or 
definitive,  and  the  matter  must  therefore  be  regarded  as  requiring  further 
clarification.  But,  however  it  turns  out,  it  will  (as  indicated  in  Sect.  3) 
have  a  bearing  on  the  interpretation  of  the  observed  linear  relation 
between  the  frequency  of  induced  lethals  in  general  and  the  dose  of 
radiation  if,  as  has  often  been  supposed,  a  high  proportion  of  lethals 
induced  by  ionizing  radiation  consists  of  small  deletions. 

5.  POSSIBLE    RELATIONS    BETWEEN    POINT    MUTATIONS    AND    BREAKS 

PRODUCED  BY  RADIATION 

It  is  a  noteworthy  fact  that  both  ionizing  radiation  and  ultraviolet, 
and  in  fact  all  mutagenic  agents  concerning  which  good  evidence  on  the 
matter  has  been  obtained,  including  even  ''mutator"  genes,  have  been 
shown  to  give  rise  to  both  point  mutations  and  chromosome  breaks,  even 
though  they  may  do  so  with  different  relative  frequencies.  This  general 
parallelism  suggests  a  similarity  in  the  nature  of  the  physicochemical 
bonds  between  genes  and  those  within  (i.e.,  between  the  parts  of)  genes. 
That  these  bonds  do,  nevertheless,  differ  from  one  another  in  some  sys- 
tematic way  has  been  indicated  by  the  evidence  (see  Chap.  7)  for  the 
conclusion  that  the  genes  form  discrete  units,  resulting  in  a  segmental 
arrangement  of  the  genetic  material.  However,  regardless  of  whether  or 
not  this  is  true,  the  above  qualitative  parallelism  raises  the  question, 
brought  up  independently  by  a  number  of  authors,  can  it  be  that  point 
mutations  and  breaks  are  individually  associated,  in  the  sense  that  they 
more  or  less  regularly  arise  in  close  proximity  with  one  another?  If  this 
is  so,  is  the  point  mutation  the  cause  of  the  break  or  the  consequence  of  it, 
or  are  both  phenomena  separate  consequences  of  an  antecedent  disturb- 
ance produced  by  the  radiation? 

Undoubtedly  small  deletions  are  consequences  of  chromosome  break- 
age, and  they  come  under  the  empirical  category  of  point  mutations. 
The  more  important  question,  however,  is  concerned  with  those  changes 
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in  which  neither  deletions  nor  any  other  structural  rearrangements  can  be 
detected,  changes  which  are  ordinarily  considered  to  be  gene  mutations. 
It  is  a  priori  conceivable  that  these  changes  Ukewise  involve  rearrange- 
ments, such  as  deletions,  inversions,  and  shifts,  which  occur  on  an  ultra- 
minute  scale,  within  what  is  ordinarily  referred  to  as  one  gene,  and  require 
breaks  and  unions  of  broken  ends  like  those  which,  on  a  larger  scale, 
result  in  the  recognizable  structural  alterations.  This  view,  however, 
would  come  into  conflict  with  the  evidence  on  which  the  conclusion  that 
the  genes  are  discrete  segments  was  founded.  For  if  this  were  true,  such 
"intragenic  "  breaks  should  be  able  to  participate  in  gross  rearrangements 
also,  and  these  gross  rearrangements  would  be  expected  often  to  entail 
the  complete  destruction  of  the  normal  functioning  of  the  genes  within 
which  the  breakage  points  had  been  located.  This  is  contrary  to  the 
findings  made  concerning  the  breaks  in  the  scute  region  and  in  some  other 
regions  and  to  the  finding  that,  in  most  kinds  of  organisms  studied,  struc- 
tural changes  have  not  been  found  to  be  associated  with  changes  in  gene 
functioning,  other  than  those  rare  ones  definitely  ascribable  to  position 
effect. 

If,  in  view  of  these  objections,  the  idea  of  the  intragenic  break  as  a 
frequent  phenomenon  is  abandoned,  it  is  still  conceivable  that  a  break 
between  two  genes  is  likely  to  be  accompanied  by  an  additional  change, 
within  one  or  more  of  the  genes  in  the  neighborhood  of  the  break.  This 
postulated  intragenic  mutation  might  be  (1)  a  secondary  effect  somehow 
resulting  from  the  break  itself,  or  (2)  a  separate  effect  of  the  same  ioniza- 
tion or  activation  as  that  which  produced  the  break,  caused  by  some 
branching  of  the  chain  of  reactions  initiated  by  the  given  ionization  or 
activation,  or  (3)  an  effect  of  a  different  ionization  or  activation  from 
that  which  caused  the  break  but  belonging  to  the  same  physical  cluster. 
In  any  of  these  cases,  even  though  the  break  later  underwent  restitution, 
as  most  breaks  do,  the  gene  mutation  might  remain.  It  is  almost  cer- 
tain that  the  third  possibility,  at  least,  would  sometimes  be  realized. 
Admitting  this,  the  further  question  would  present  itself:  what  propor- 
tion of  all  the  gene  mutations  induced  by  radiation  are  in  some  such  way 
associated  in  their  origination  with  breaks  which  later  restitute,  and,  con- 
versely, what  proportion  of  breaks  are  associated  with  mutational  changes 
in  nearby  genes? 

Some  light  on  this  problem  is  cast  by  studies  of  the  frequency  of  muta- 
tions in  ring  chromosomes.  As  first  shown  in  tests  carried  out  under 
Muller's  direction  by  Offermann  (see  Muller,  1940),  when  Drosophila 
spermatozoa  containing  X  chromosomes  of  ring  shape  have  been  irradi- 
ated with  4000-5000  r,  the  recovered  offspring  show  about  as  high  a 
frequency  of  induced  sex-linked  lethals  as  in  corresponding  experiments 
with  rod-shaped  X  chromosomes.  The  same  similarity  of  frequency  for 
rings  and  rods  has  been  found  in  the  case  of  visible  mutations  not  associ- 
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ated  ^\'ith  detectable  chromosome  changes,  by  Muller,  Valencia,  and 
Hannah  (see  Muller,  1950).  However,  since,  as  previously  noted,  so 
many  more  ring  than  rod  chromosomes  which  undergo  breakage  are  lost, 
by  twisted  restitution  and  perhaps  also  by  straightening  of  the  ring,  the 
rings  recovered  in  the  next  generation  should  not  include  nearly  as  high  a 
frequency  of  restitutions  as  do  the  rods.  Therefore  if  the  changes  classi- 
fied as  gene  mutations  were  to  any  marked  degree  associated  with  resti- 
tuted breaks,  a  considerably  lower  frecjuency  of  both  lethal  and  visible 
mutations  would  be  expected  among  the  surviving  offspring  in  the  experi- 
ments with  ring  chromosomes  than  in  those  with  rods.  The  fact  that 
the  results  are  in  opposition  to  this  was  therefore  originally  regarded  as 
direct  evidence  that  the  great  majority  of  gene  mutations  arise  inde- 
pendently of  breaks. 

This  line  of  reasoning  is,  however,  rendered  less  secure  by  a  consider- 
ation of  the  parallel  finding  by  Muller,  J.  I.  Valencia,  and  Hannah  (cited 
by  Muller,  1950)  that  the  irradiated  ring  chromosomes  which  were  recov- 
ered in  the  next  generation  not  only  failed  to  show  a  lower  frequency  of 
lethal  and  of  visible  mutations  in  general  than  do  the  rods  but  also  failed 
to  show  a  lower  frequency  of  small  deletions.  Since  the  deletions  cer- 
tainly result  from  breaks  and  since  they,  nevertheless,  show  an  undimin- 
ished frequency  in  the  rings,  then  the  fact  that  the  changes  classified  as 
gene  mutations  show  an  undiminished  frequency  in  rings  cannot  be  taken 
as  direct  evidence  against  their  being  associated  with  breaks. 

These  results  on  deletions  might,  on  the  one  hand,  be  interpreted  as 
meaning  that  excised  interstitial  fragments  are  less  likely  to  become  inter- 
calated into  rings  than  into  rods  when  the  major  parts  rejoin,  owing  per- 
haps to  the  rings  being  subject  to  a  mechanical  stress  which  for  a  time 
(before  they  become  greatly  extended)  tends  to  straighten  them  out. 
Deletions  in  recovered  rings  would  thereby  be  favored  by  one  influence 
and  hindered  by  another  and  so  might  appear  to  have  been  unaffected  in 
frequency.  In  that  case,  gene  mutations,  if  associated  with  one  break, 
would  not  be  subject  to  the  influence  which  favors  the  finding  of  dele- 
tions, but  only  to  that  which  hinders  it.  Hence  they  would  occur  with 
diminished  frequency  in  recovered  rings.  The  fact  that  they  do  not 
occur  with  diminished  frequency  would  then  indicate  that  they  are  sel- 
dom associated  with  breaks. 

It  is  possible,  alternatively,  to  interpret  the  results  with  deletions  as 
meaning  that  breaks  occur  far  more  frequently  than  had  been  suspected. 
On  this  view  it  would  be  supposed  that  the  losses  of  irradiated  rings, 
despite  their  high  frequency,  were  so  greatly  outnumbered  by  the  cases 
of  nontwisted  rejoining  of  the  rings  that  these  losses  failed  to  diminish 
the  frequency  of  deletions  among  recovered  rings  to  a  perceptible  extent. 
On  this  alternative,  the  apparently  undiminished  frequency  of  gene  muta- 
tions in  the  recovered  rings  would  be  reconcilable  with  the  idea  that  they 
too  had  been  associated  with  breaks. 


MANNER    OF    PRODUCTION    OF    MUTATIONS  499 

For  these  reasons  the  results  from  rings  cannot  yet  be  taken  as  pro- 
viding direct  evidence  against  an  association  between  gene  mutations  and 
breaks.  However,  they  do  mean  that,  if  the  association  exists,  the  breaks 
must  be  far  more  numerous  than  had  been  supposed,  and  it  can  be  calcu- 
lated that  for  rod  chromosomes  the  restitutions  would  have  to  have  a 
frequency  at  least  two  orders  of  magnitude  higher  than  the  cases  of  single 
breakage  which  lead  to  chromosome  loss  or  to  death  of  the  zygote.  This 
conclusion  again  assumes  importance  in  connection  with  the  question  of 
how  many  chromosome  breaks  may  be  associated  with  effects  like  those 
of  gene  mutation.  For  it  turns  out,  as  will  be  noted,  that  this  question 
would  thereby  receive  an  answer  which  was  at  variance  with  the  require- 
ments of  the  idea  that  most  gene  mutations  are  associated  with  breaks. 

The  idea  that  some  gene  mutations  may  mark  the  sites  of  restituted 
breaks,  which  was  suggested  by  Muller  (1941a)  as  a  mere  possibility 
arising  from  the  finding  that  the  great  majority  of  breaks  restitute,  has 
more  recently  been  revived  by  Lea  and  Catcheside  (1945b),  and  inde- 
pendently by  Herskowitz  (1946).  In  fact,  they  have  been  inclined  to 
regard  all  or  most  gene  mutations  produced  by  ionizing  radiation  as  being 
of  this  nature.  Their  argument  has  its  root  in  the  contrast  between  the 
linear  relation  of  the  dose  to  the  frequency  of  recessive  lethals  and  its 
^^-power  relation  to  the  frequency  of  gross  structural  changes.  As  noted 
by  Timofeeff-Ressovsky  (1939),  the  apparently  quite  linear  relation  for 
recessive  lethals  as  a  group  appears  at  first  sight  to  be  paradoxical,  in 
view  of  the  fact  that  this  group  is  a  mixed  one  and  that  at  higher  doses 
an  increasingly  important  proportion  of  these  lethals  is  associated  with 
structural  changes.  Although  Timofeeff-Ressovsky  believed  that  these 
structural  changes  did  not  constitute  a  large  enough  proportion  of  the 
total  to  be  expected  to  influence  its  linear  relation  perceptibly,  this  judg- 
ment is  not  shared  by  some  of  the  others  who  have  studied  the  observed 
frequencies  of  different  types  of  changes. 

A  breakdown  of  recessive  lethals  shows  them  to  be  composed  of  the 
following  types:  (1)  gene  mutations,  whose  frequency  at  lower  doses  is 
known  to  vary  Unearly  with  dose;  (2)  small  structural  changes  (mainly 
deletions),  a  part  of  which  at  least,  including  especially  the  very  small 
ones  (2a),  varies  linearly  but  another  part  of  which  (2b)  varies  as  a 
higher  power  of  the  dose  (see  pp.  394-396);  and  (3)  gross  structural 
changes,  which  vary  approximately  as  the  %  power  of  the  dose  at  ordi- 
nary doses  and,  on  the  view  proposed  by  Muller  (Muller  and  Prokofyeva, 
1934),  usually  owe  their  lethality  to  position  effects.  At  low  and  moder- 
ate doses  from  50  r  up  to  about  1500  or  2000  r,  classes  (1)  and  (2a) 
together  constitute  a  considerable  majority  so  that  in  this  range  the  over- 
all frequency  of  lethals  would  be  expected  to  rise  practically  linearly  with 
dose.  However,  above  this  dose,  where  class  (3)  and  perhaps  also  (2b) 
assume  a  considerable  and  ever  greater  relative  frequency,  the  over-all 
frequency  of  lethals  would  be  expected  to  rise  more  and  more  steeply 
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above  the  preceding  straight  line,  so  as  to  give  a  concavely  ascending 
curve. 

To  explain  why  the  data  seem  to  show  only  a  continuing  straight  line, 
the  view  of  the  proponents  of  an  association  between  gene  mutation  and 
breakage  assumes  that  the  lethals  accompanying  gross  structural  changes 
are  not,  in  the  main,  expressions  of  position  effects  of  the  altered  gene 
arrangements  but  of  permanent  intragenic  alterations  which  were  pro- 
duced in  connection  with  the  process  of  breakage  itself.  It  is  pointed  out 
by  them  that  on  this  hypothesis  most  of  those  breaks  which  at  a  heavy 
dose  are  involved  in  lethal  structural  changes,  of  types  (2b)  and  (3), 
would,  if  they  had  been  produced  at  a  light  dose,  have  been  followed  by 
restitutions  which  were,  nevertheless,  accompanied  by  lethal  effects,  in 
that  case  classified  as  gene  mutations.  Thus  there  would  not  really  be 
a  major  additional  class  of  lethals,  namely,  position-effect  lethals,  to 
increase  the  total  lethal  frequency  disproportionately  at  heavy  doses. 
Instead,  the  freciuency  of  lethals,  following  that  of  individual  primary 
breaks,  would  remain  essentially  proportional  to  dose. 

In  this  connection  the  evidence  from  rings  should  now  be  reexamined. 
If  the  frequency  of  cases  of  perfect  (nontwisted)  restitution  of  rings  is,  as 
Lea  supposed,  comparable  with  that  of  losses  (including  dominant  lethal 
losses)  of  rings,  then  the  apparently  undiminished  frequency  of  induced 
lethals  in  offspring  containing  irradiated  rings  would  show  that  there  is 
very  little  association  after  all  between  primary  breakage  and  the  pro- 
duction of  lethal  gene  mutations.  On  the  other  hand,  if,  in  order  to 
explain  the  results  with  small  deletions,  the  alternative  view  is  adopted, 
that  the  cases  of  perfect  restitution  of  rings  inordinately  outnumber  those 
of  losses,  numerous  though  these  losses  are,  then  it  would  follow  that  pri- 
mary breakage  is  a  far  more  frequent  event  than  the  production  of  a 
lethal  or  sterile  change  attributable  to  gene  mutation.  That  is,  most 
breaks  would  not  be  associated  with  such  changes.  Since,  in  contrast 
to  this,  studies  of  gross  structural  changes  show  that  much  more  than 
half  of  them  are  accompanied  by  lethal  or  sterihzing  effects  (Muller  and 
Altenburg,  1930;  Valencia  and  Muller,  1949),  very  few  of  these  effects 
could  be  explained  by  attributing  them  to  a  by-product  of  the  process  of 
breakage.  They  must  therefore  have  resulted  from  the  gene  rearrange- 
ment which  in  these  cases  followed  breakage.  That  is,  they  must  have 
been  position  effects,  and,  if  restitution  had  occurred,  they  would  have 
been  absent.  As  originally  believed,  then,  the  lethals  associated  with 
structural  changes  would  constitute  a  group  which,  in  the  main,  would  be 
added  to  that  of  the  apparent  gene  mutations  found  in  chromosomes  that 
had  not  been  structurally  changed.  Hence  the  continued  linearity  of  the 
lethal  curve  at  high  doses  could  not  be  explained  on  the  supposition  of 
primary  breaks  being  associated  with  lethal  effects. 

There  are  additional  facts  which  appear  irreconcilable  with  the  muta- 
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tion-by-breakage  interpretation  of  the  linearity  of  lethal  frequency  at 
high  doses.  For  one  thing,  it  is  known  from  direct  tests  of  the  matter 
that  lethals  constitute  but  a  relatively  small  minority  of  gene  mutations 
(see  Chap.  7).  There  is  no  good  ground  for  regarding  them  as  being 
produced  by  a  different  mechanism  from  the  others,  and  no  sharp  line 
between  lethal  and  other  gene  mutations  exists.  Yet  if  all  or  most 
changes  classified  as  gene  mutations  were  produced  in  connection  with 
breaks,  only  a  small  minority  of  breaks  could  be  connected  with  lethals 
(or  steriles).  Thus  the  high  frequency  of  occurrence  of  lethal  (and 
sterile)  effects  in  connection  with  structural  changes  would  still  require 
the  position-effect  explanation. 

Second,  the  mutation-by-breakage  interpretation  by  itself  would  lead, 
not  to  a  linear  relation^  between  lethal  frequency  and  dose  at  high  doses, 
but  to  an  ever  more  marked  drop  in  the  frequency  below  linearity  as  the 
dose  was  increased.  The  major  reason  for  this  is  that  half  the  gross 
structural  changes  involving  two  breaks  and  a  still  higher  proportion  of 
those  involving  more  than  two  breaks  are  of  aneucentric  type  and  there- 
fore go  unrecorded.  Hence  if  the  primary  breaks  were  associated  with 
lethals,  a  part  of  these  lethals  would  be  lost  from  the  record.  As  the 
dose  rose  this  loss  would  become  greater,  relatively  to  the  total  number 
of  breaks  (and  therefore  of  lethals),  both  because  the  structural  changes, 
unlike  the  breaks  themselves,  increase  as  a  power  of  the  dose  higher  than  1 
and  because  the  more  complicated  structural  changes,  formed  with  rela- 
tively higher  frequency  than  the  others  at  higher  doses,  are  especially 
likely  to  be  aneucentric.  In  addition  to  these  losses  of  lethals  which 
might  have  been  associated  with  primary  breakage,  there  would  similarly 
be  losses  of  those  lethals  involving  two  breaks  close  together,  which  would 
have  appeared  as  small  deletions  had  they  not  become  involved  in  aneu- 
centric gross  structural  changes.  Results  on  translocations  involving 
rings  (Muller,  Makki,  and  Sidky,  1939;  Muller,  1940)  showed,  in  fact, 
that  there  is  an  unusually  high  chance  of  intrachromosomal  rearrange- 
ments becoming  drawn  into  more  complicated  combinations.  The  result- 
ant over-all  reduction  in  lethal  frequency  below  linearity  at  high  doses, 
due  to  all  these  causes,  as  calculated  on  the  assumption  of  most  breaks 

^  It  is,  of  course,  assumed,  when  a  linear  relation  is  referred  to,  that  allowance  has 
been  made  for  the  so-called  "saturation  effect,"  that  is,  for  the  cases  of  simultaneous 
occurrence  of  two  or  more  independently  arisen  lethals  (see  Muller,  1936b).  If,  as 
is  usually  the  procedure,  such  cases  are  counted  as  one  lethal,  the  frequency  of  recorded 
lethals  in  a  situation  in  which  the  actual  lethal  frequency  was  proportional  to  dose 
would  follow  the  formula  1  —  (1  —  ly,  where  I  is  the  frequency  per  unit  of  dose  and 
d  is  the  dose.  (This  may  also  be  expressed  as  1  —  e-"'^,  where  e  is  the  base  of  natural 
logarithms  and  —a  is  the  natural  logarithm  of  1  —  /.)  The  resulting  line  is  at  first  a 
straight  one,  but  its  slope  gradually  diminishes  at  higher  doses.  The  statement  that 
the  frequency  falls  below  that  expected  on  linearity  therefore  implies  that  it  falls 
more  rapidly  than  the  saturation  effect  alone  would  allow. 
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being  associated  with  lethals,  is  too  great  to  be  reconciled  with  the  seem- 
ingly linear  relation  shown  by  the  data  (Fano,  1947;  MuUer,  1950). 

If,  however,  the  position-effect  interpretation  is  accepted  for  the  great 
majority  of  the  lethals  which  are  associated  with  nondeficient  structural 
changes,  the  question  still  remains,  why  does  the  over-all  frequency  of 
lethals  not  rise,  at  higher  doses,  increasingly  above  the  frequency  expected 
on  a  linear  relation?  A  part  at  least  of  the  answer  to  this  lies  in  the 
considerations  set  forth  in  the  preceding  paragraph,  which  show  that 
there  must  be  an  increasing  reduction  at  higher  doses  in  the  frequency  of 
recoverable  two-break  deletions,  relatively  to  the  total  number  of  them 
produced,  because  of  their  becoming  increasingly  drawn  into  aneucentric 
combinations.  This  influence  would  continue  to  operate  even  if  lethals 
were  seldom  or  never  associated  with  primary  breakage.  Whether  it 
would  be  of  sufficient  strength  to  counteract  the  entire  rise  above  linearity 
at  higher  doses,  which  the  addition  of  the  position-effect  lethals  would 
tend  to  produce,  so  as  to  result  in  the  observed  approximately  linear  rela- 
tion, is  a  matter  that  cannot  at  present  be  calculated,  owing  to  the  imt 
that  not  enough  is  known  of  the  relative  frequencies  of  different  types  of 
changes.  Moreover,  the  answer  might  well  be  different  in  different  types 
of  material. 

For  the  purposes  of  such  a  calculation  much  would  depend  on  how  fre- 
quent very  small  deletions  are,  including  even  those  deletions  which  are 
too  small  to  be  definitely  visible  cytologically.  There  are  certain  results 
on  mutations  at  "visible"  loci  (Valencia  and  Muller,  1949;  unpublished 
data)  indicating  that  these  ultraminute  deletions  may  form  a  high  propor- 
tion of  lethal  point  mutations  induced  in  Drosophila.  In  addition  to 
these  results  is  the  fact  that  many  of  the  lethals  produced  by  ionizing 
radiation  in  the  single  X  chromosome  of  spermatogonia  act  detrimentally 
on  the  proliferation  of  the  individual  cells  containing  them,  even  when 
these  are  supported  by  a  normal  organism,  as  evidenced  by  the  strong 
"germinal  selection"  which  has  been  found  to  operate  against  the  pro- 
liferation of  germ  cells  containing  them  (see  pp.  408-409) .  It  would  be 
rather  surprising  for  such  a  high  proportion  of  lethal  gene  mutations  to 
have  so  pronounced  an  effect  on  the  vigor  of  individual  cells.  If,  how- 
ever, ultraminute  two-break  deficiencies  do  form  a  considerable  propor- 
tion of  the  lethals  produced  by  ionizing  radiation,  then  their  influence, 
acting  in  the  manner  which  has  been  described,  might  well  go  far,  when 
taken  in  connection  with  the  opposite  influence  exerted  by  position-effect 
lethals,  in  explaining  the  apparent  linearity  of  the  frequency-dosage 
curve. 

In  the  opinion  of  the  author,  the  exact  linearity  of  the  relation  between 
lethal  frequency  and  dose  at  high  doses  of  ionizing  radiation  has  not  yet 
been  sufficiently  well  establisljed  in  Drosophila  to  serve  as  the  basis  of 
far-reaching   conclusions   such   as   those   of   the   mutation-by-breakage 
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hypothesis,  exen  if  it  were  admitted  that  such  linearity  was  to  be  expected 
on  that  hypothesis.  So,  for  example,  the  results  of  Villee  (1946)  on  the 
irradiation  of  pre-imaginal  stages  with  X  rays  showed  a  markedly  lower 
frequency  of  lethals  when  the  irradiation  was  protracted  over  a  period  of 
more  than  an  hour  than  when  it  was  given  in  l-l^i  minutes.  Since 
gene  mutations  and  primary  breaks  are  known  to  be  produced  by  single 
ionizing  particles  and  must  therefore  be  independent  of  the  time-intensity 
characteristic  of  the  dose,  the  difference  found  with  change  in  timing 
must  reside  in  that  class  of  lethals  which  is  connected  with  structural 
changes.  For  these  are  (except  in  certain  special  types  of  cells,  such  as 
spermatozoa)  produced  in  higher  frecjuency  at  higher  intensities,  as 
previously  pointed  out.  However,  it  is  only  on  the  position-effect 
interpretation  of  these  lethals  that  the  addition  of  them  could  result  in  an 
increase  of  the  over-all  lethal  frequency,  since  on  that  of  mutation-by- 
breakage  they  would  simply  be  drawn  off  from  a  general  reservoir  of 
l)reakage  lethals  that  would  otherwise  appear  in  the  point-mutational 
category.  It  is  also  in  accord  with  the  position-effect  interpretation  that, 
in  recent  results  of  J.  I.  and  R.  M.  Valencia  and  Muller  (unpublished 
data),  the  mutations  which  are  associated  with  structural  changes  appear 
as  a  group  which  is  added  on  to  the  point-mutational  ones,  as  the  dosage 
increases,  while  the  latter  taken  by  themselves  remain  essentially  propor- 
tional in  their  frequency  to  the  first  power  of  the  dose.  As  yet,  however, 
these  last  results  are  only  preliminary. 

It  had  been  thought  by  Kaufmann  and  Gay  (1946,  1947a,  b)  that  the 
apparent  lack  of  increase  in  sex-linked-lethal  frequency  observed  by  them 
in  X-ray  experiments,  in  which  the  frecjuency  of  structural  changes  had 
been  markedly  increased  by  application  of  infrared  given  as  a  supple- 
mentary treatment  after  the  X  rays,  showed  that  the  additional  struc- 
tural changes  did  not  give  rise  to  additional  lethals,  caused  by  position 
effects,  and  that  the  lethals  must  therefore  have  been  associated  with  the 
primary  breaks.  However,  a  study  of  their  data  indicates  that,  from 
the  standpoint  of  statistical  error,  the  numbers  dealt  with  are  not  suffi- 
cient to  prove  this  point.  At  the  same  time,  the  increase  in  over-all 
lethal  frefjuency  to  be  expected  in  this  case  on  the  position-effect  interpre- 
tation is  not  as  great  as  supposed  and  cannot  at  this  time  be  calculated, 
for  the  same  reasons,  already  given,  as  apply  when  the  dosage  of  ionizing 
radiation  is  raised. 

Results  different  from  those  of  Kaufmann  and  Gay  were  obtained  in 
experiments  of  Glass  (1949).  In  this  work,  when  X  rays  were  applied 
to  Drosophila  with  and  without  an  infrared  treatment,  the  over-all 
sex-linked-lethal  frerjuency  was  in  fact  raised  significantly  by  the  infra- 
red, along  with  the  frequency  of  structural  changes.  Moreover,  in 
experiments  of  Swanson,  Hollaender,  and  Kaufmann  (1948)  on 
morphologically  expressed  mutations  in  Aspergillus  terreus,  infrared  (as  a 
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pretreatment)  distinctly  increased  the  frequency  of  X-ray-induced  muta- 
tions, while  it  did  not  increase,  in  the  more  diagnostic  "rising"  part  of 
the  dosage  curve  (see  pp.  435  438),  the  frequency  of  ultraviolet-induced 
mutations  (which  would  include  fewer  structural  changes).  As  a  whole, 
then,  the  evidence  from  infrared  cannot  be  regarded  as  contrary  to  the 
position-effect  interpretation.  If,  however,  this  agent  produces  its  effect, 
as  argued  by  Swanson  (see  pp.  570-572),  by  increasing  the  frequency  of 
breakage  rather  than  that  of  exchange  union,  the  observed  rise  in  muta- 
tion rate  would  be  expected  on  the  mutation-by-breakage  as  well  as  on  the 
position-effect  interpretation.  However  this  may  be,  it  is  evident  that 
the  results  with  infrared  cannot  at  this  time  be  used  in  support  of  the 
mutation-by-breakage  hypothesis . 

Another  condition  differentially  affecting  the  frequency  with  which 
genetic  changes  of  various  kinds  are  induced  by  applying  ionizing  radia- 
tion to  male  germ  cells  of  Drosophila  is  the  stage  of  the  germ  cells  and  the 
age  of  the  male  containing  them.  It  has  recently  been  shown  by  Llining 
(1952a,  b,  c,  d),  in  a  very  extensive  and  searching  investigation,  that  the 
irradiation  of  immature  but  postmeiotic  male  germ  cells,  presumably 
spermatids,  results  in  several  times  as  high  a  frequency  of  (nonrestituted) 
chromosome  breaks  as  does  irradiation  of  fully  mature  spermatozoa. 
This  is  evidenced  both  in  the  greater  abundance  of  dominant  lethals, 
gross  deletions,  minute  heterochromatic  deletions,  and  losses  of  rings, 
when  the  treated  sperm  were  immature.  Yet  at  the  same  time,  the  fre- 
quency of  visible  mutations  of  a  type  which  are  very  seldom  associated 
with  structural  changes  (those  to  yellow  body  in  an  X  chromosome  of 
normal  structure)  proved  to  be  affected  httle  or  not  at  all  by  this  differ- 
ence in  germ-cell  stage.  Mutations  to  white  eye,  which  are  associated 
with  structural  changes  oftener  than  the  yellows,  were  induced  with  sig- 
nificantly higher  frequency  in  the  immature  than  in  the  mature  germ 
cells,  but  the  increase  was  not  nearly  so  great  as  for  the  four  classes  result- 
ing almost  exclusively  from  breakage.  Similarly,  recessive  lethals  also 
occupied  an  intermediate  position  in  this  respect.  These  results  gave 
evidence  that  there  is  one  class  of  point  mutations,  to  which  belong 
yellows  as  well  as  some  of  the  whites  and  lethals,  which  do  not  arise  in 
association  with  chromosome  breaks.  These  may  be  regarded  as  the 
true  gene  mutations.  It  is  their  frequency  which  varies  linearly  with 
dose.  At  the  same  time,  there  are  two  other  types  of  visible  and  lethal 
mutations,  associated  with  small  deletions  and  with  other  structural 
changes,  respectively,  and  their  properties  evidently  depend  on  the 
arrangements  formed  by  the  joining  of  broken  ends. 

The  finding  that  the  freciuency  of  induced  recessive  lethals,  and  even 
more  so  of  dominant  ones,  is  strongly  dependent  on  the  age  of  the  male 
and  on  the  stage  of  his  germ  cells  at  irradiation  has  another  bearing  on 
the  main  problem  at  issue  in  this  section.     Unless  these  ages  and  stages 
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have  been  exactly  controlled  (a  requirement  which  probably  cannot  be 
met  unless  very  young  males  are  used,  since  the  ejaculates  may  contain 
sperm  of  different  ages),  the  recovered  offspring  will  represent  selected 
material.  For  the  sperm  which  were  in  a  more  "susceptible"  stage  when 
treated,  in  the  sense  of  a  stage  in  which  more  not-to-be  restituted  breaks 
(and  probably  more  breaks  in  general)  were  produced,  will,  because  of  this 
greater  abundance  of  dominant  lethals,  leave  fewer  offspring,  relatively 
to  the  less  susceptible  sperm.  Thus  the  frequency  of  recessive  lethals 
recovered  will  not  be  as  high  as  the  frequency  with  which  they  were  pro- 
duced in  the  total  population  of  sperm  which  engaged  in  fertilization. 
This  selective  influence  will  work  disproportionately  strongly  at  high 
doses  since  at  such  doses  the  frequency  of  dominant  lethals  is  in  consider- 
able measure  caused  by  multibreak  aneucentric  rearrangements  which 
increase  more  than  linearly  with  dose.  Hence  at  high  doses  the  fre- 
quency of  recessive  lethals  recovered  from  mixed  sperm  will,  as  the  dose 
rises  still  more,  fall  more  and  more  below  that  of  the  recessive  lethals 
which  had  actually  been  produced.  This  would  tend  to  flatten  a  con- 
cavely  rising  curve  and  might  well  result  in  its  appearing  straight  or  even 
convex. 

If  the  mutation-by-breakage  interpretation  of  the  linear  frequency- 
dosage  relation  is  examined  in  the  light  of  dosage  data  from  organisms 
other  than  Drosophila  in  which  there  is  reason  to  infer  the  existence  of 
abundant  position  effects,  the  case  against  it  is  further  strengthened. 
Some  of  the  fungi  appear  to  fall  into  this  category.  Thus,  in  Neuros'pora* 
mutations  produced  by  X  rays  are,  as  in  Drosophila,  much  more  often 
found  to  be  connected  with  semisterility,  evidently  caused  by  transloca- 
tions, than  would  be  allowed  on  a  random  distribution  of  the  two  phe- 
nomena with  regard  to  each  other  (Sansome  et  al.,  1945).  It  is  a  sig- 
nificant finding  of  these  investigators  that  the  frequency  of  these  muta- 
tions is  dependent  on  the  time-intensity  distribution  of  the  dose,  falling 
off  at  lesser  intensities  just  as  is  expected  for  structural  changes  but  not 
for  effects  connected  with  the  primary  breaks.  Although  the  variation  in 
frequency  with  dose,  even  at  the  higher  intensity,  appeared  to  them  to 
follow  a  straight-line  graph,  nevertheless,  low-dose  determinations  for  the 
high-intensity  exposures,  which  would  have  provided  the  critical  evidence 
on  this  point,  were  lacking,  and  a  careful  comparison  of  the  data  for  the 
two  intensities  indicates  that  for  high  intensities  the  frequencies  actually 
fit  better  to  a  concavely  rising  curve,  such  as  would  be  expected  of  events 
showing  time  dependence.^ 

^  The  details  of  this  revision  are  as  follows:  The  low-dose  data  obtained  at  the  low 
intensity  in  these  experiments  are  obviously  plus  deviants  since  the  values  found  are 
too  high  for  the  rest  of  the  low-intensity  curve.  However,  they  are  shown  in  the 
graph  as  if  they  were  high-intensity  data  (although  there  are  actually  no  low-dose 
data  for  the  high  intensity),  and  this  method  of  representation  makes  the  high-inten- 
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Still  clearer  in  this  respect  are  the  results  on  visible  mutations  produced 
by  X-ray  treatment  of  spores  of  Aspergillus  by  Stapleton,  Hollaender,  and 
Martin  (1952) .  For  in  this  case  the  frequency  of  the  mutations,  although 
showing  a  linear  relation  to  dose  at  low  doses,  unmistakably  rises  with 
ever-increasing  slope  at  high  doses.  This  result,  especially  when  con- 
sidered in  connection  with  the  continued  linearity  found  in  the  same 
material  with  a  rays,  can  hardly  be  interpreted  otherwise  than  as  being 
due  to  the  combined  effect  of  point  mutations,  which  preserve  a  linear 
relation  with  dose,  plus  position  effects  of  structural  changes  which, 
increasing  as  a  power  of  the  dose  higher  than  1,  form  an  ever  larger  propor- 
tion of  the  total  effects  at  higher  doses.  In  other  words,  this  material 
gives  just  the  curve  which  had  been  depicted  by  sponsors  of  the  mutation- 
by-breakage  view  as  that  to  be  expected  on  the  view  which  they  opposed: 
that  of  position  effect.  It  would  seem  reasonable  to  refer  the  difference 
between  these  results  and  those  obtained  in  Drosophila  to  variations  in  the 
relative  frequencies  of  different  classes  and  to  selection  rather  than  to  the 
existence  of  fundamentally  different  mechanisms  in  the  two  cases. 

Despite  the  arguments  which  have  been  given,  it  is  still  entirely 
possible,  as  first  suggested  by  Muller  (1941a)  and  recently  emphasized 
by  Herskowitz  (1951),  that  some  primary  breaks  of  chromosomes  which 
later  restitute  are  associated  with  permanent  mutational  changes  in  genes 
located  at  or  near  the  point  of  breakage.  Moreover,  if  primary  breaks 
were  so  very  numerous  as  on  one  of  the  views  suggested  by  the  ring- 
*  chromosome  data,  the  association  of  only  a  small  proportion  of  them  with 
gene  mutations  could,  nevertheless,  result  in  a  fairly  high  frequency  of  the 
latter.  Yet  this  would  not  result  in  a  strong  tendency  to  depression  of 
the  lethal  frequency  below  Hnearity  at  high  doses  because  only  a  small 
proportion  of  these  numerous  primary  breaks  would  ever  become  lost  to 
view  through  aneucentric  structural  changes.  Hence  the  loss  in  lethal 
frequency  at  high  doses,  thereby  brought  about,  would  be  far  less  than 
the  increase  in  this  frequency  brought  about  by  the  large  added  class  of 
position-effect  lethals ;  for  the  evidence  of  the  reality  of  this  class  is  con- 
vincing. Additional  factors  such  as  those  concerned  with  the  fate  of  small 
deletions  would  then  have  to  be  invoked  after  all  in  the  explanation  of 
an  over-all  linear  relation  at  high  doses. 

Still  other  facts  would,  however,  remain  to  be  brought  in  Hne  mth  even 


sity  curve  appear  to  be  a  straight  line.  At  low  doses  the  intensity  factor  makes  very 
little  difference,  and  it  may  therefore  be  assumed  that  the  results  for  the  high  intensity 
would  at  the  low  doses  have  been  about  the  same  as  for  the  low  intensity.  If  the 
low-dose  results  for  low  intensity  are  corrected  in  such  a  manner  as  to  make  them  fit  in 
with  the  rest  of  the  low-intensity  curve  and  these  values  are  used  to  represent  also 
the  low-dose  results  for  high  intensity,  a  curve  is  obtained  for  high  intensity  which 
ascends  with  increasing  slope,  just  as  would  be  expected  from  the  fact  that  it  shows 
time  dependence. 
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a  limited  application  of  the  mutation-by-breakage  hypothesis.  One  is 
that  in  cases  in  which  there  are  known  to  be  two  adjacent  loci,  each 
giving  an  effect  somehow  distinguishable  from  the  other  (such  as  those  of 
yellow  and  achaete,  achaete  and  scute,  scute  and  the  lethal  just  to  the 
right  of  it,  or  lozenge  in  positions  1,  2,  and  3),  so  very  few  of  the  mutants 
showing  apparently  normal  salivary-gland  chromosomes  involve  altera- 
tions of  both  loci  at  once,  as  might  have  happened  on  this  view  when  the 
supposed  mutagenic  break  had  passed  between  them.''  The  explanation 
that  the  breaks  are  within  instead  of  between  genes  is  hardly  applicable  as 
an  alternative  here,  in  view  of  the  objections  which  have  already  been 
raised  to  this  supposition  (p.  451).  Another  difficulty,  applying  equally 
to  the  association  of  mutations  with  breaks  between  genes  and  within 
them,  is  the  previously  cited  lack  of  cases  of  structurally  changed  chromo- 
somes having  mutational  effects  in  organisms  in  which  position  effects 
appear  to  be  rare  or  absent,  that  is,  in  most  kinds  of  animals  and  higher 
plants  in  w^hich  the  effects  of  structural  changes  have  been  studied  at 

all. 

Arguing  otherwise,  perhaps,  are  the  Drosophila  mosaics  caused  by 
nitrogen  mustard,  reported  by  Auerbach  (1950a,  1952),  in  which  one  por- 
tion of  the  body  contained  a  structural  change  with  a  break  close  to  the 
locus  of  white  and  another  portion  contained  a  viable  mutation  to  white. 
Before  this  evidence  could  become  convincing,  however,  it  would  have 
to  be  shown  that  this  viable  white  represented  a  gene  mutation  rather 
than  a  deficiency  of  the  white  locus  (which  is  also  known  to  be  viable) 
or  some  other  structural  change.  Similar  considerations  apply  to  some 
other  reported  mosaics. 

On  the  whole,  then,  despite  the  a  priori  plausibility  of  the  view  that 
individual  chromosome  breaks  and  gene  mutations  are  frequently  associ- 
ated, there  is  a  distinct  lack  of  support  for  it  in  some  of  the  directions  in 
which  such  support  might  be  expected.  It  must  therefore  at  this  time  be 
regarded  as  an  unfounded  possibility,  with  the  exception  of  such  com- 
paratively rare  cases  as  are  brought  about  by  the  clustering  of  ionizations 
(see  pp.  522-523). 

6.  LARGER  SCALE  EVIDENCE  OF  SPATIAL  LIMITATION  IN   MUTAGENESIS 

BY  IONIZATION  RADIATION 

The  fact  that  point  mutations  (including  real  gene  mutations  as  well  as 
some  of  the  small  structural  changes)  and  single  chromosome  breaks  are 
produced  by  individual  hits  (regardless  of  whether  these  are  to  be 
regarded  as  ionizations,  activations,  or  clusters)  does  not  prove  that  these 

6  However,  this  observation  would  also  seem  to  speak  for  the  comparative  rarity  of 
ultraminute  deficiencies  as  compared  with  gene  mutations  involving  these  loci.  By- 
contrast,  such  cases  do  occur  much  more  frequently  close  to  heterochromatic  regions. 
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mutagenic  hits  must  be  initiated  within  or  even  near  the  genes  or  chromo- 
some threads  which  are  thereby  caused  to  undergo  the  given  genetic 
changes.  It  is  a  priori  entirely  conceivable  that  a  hit  which  takes  place 
far  from  a  given  gene  or  chromosome  can  give  rise  to  an  altered  atom, 
radical,  molecule,  or  large  particle  which,  by  migration  or  by  an  elongated 
chain  of  reactions,  finally  turns  out  to  be  mutagenic  at  a  point  very  distant 
from  its  origin.  Empirical  evidence  is  therefore  required  for  determining, 
both  in  space  and  in  time,  the  length  of  the  mutagenic  pathway  leading 
from  the  effective  hit  to  the  permanently  altered  genetic  material. 

The  first  experiments  of  this  kind  dealing  with  spatial  limitation 
(Mavor,  1929)  were  not  concerned  with  mutational  changes  but  with  the 
influence  of  X  rays  on  the  frequencies  of  crossing  over  and  of  nondisjunc- 
tion. Mavor  found  that,  when  only  the  posterior,  gonad-containing 
halves  of  Drosophila  pupae  were  irradiated,  the  same  amount  of  effect 
was  produced  on  these  genetic  processes  as  when  the  entire  pupae  were 
given  the  same  dose,  whereas,  when  only  the  anterior  halves  were  irradi- 
ated, no  perceptible  influence  of  this  type  was  exerted,  although  the 
gonads  were  only  about  3^  mm  from  the  treated  part  of  the  body.  Since 
the  pupa  is  largely  filled  with  a  lymph,  containing  numerous  separated 
cells,  it  is  evident  that  neither  the  lymphatic  medium  nor  its  cellular  ele- 
ments transmit  to  an  appreciable  extent  those  effects  of  the  radiation  on 
which  the  frequencies  of  either  crossing  over  or  nondisjunction  depend. 

A  similar  technique  which  involved  the  shielding  of  the  anterior  and 
posterior  parts  of  the  body,  respectively,  during  irradiation  was  used  by 
Gulbekian  (1934,  1936b)  with  the  adult  male  Drosophila  to  determine 
whether  the  production  of  sex-linked  lethals  by  X  rays  is  similarly  local- 
ized. According  to  Gulbekian's  data  the  mutagenic  influence  did  appear 
to  be  transmitted  to  some  extent  since  there  was  an  appreciable  produc- 
tion of  mutations  when,  supposedly,  only  the  anterior  region  had  been 
irradiated,  and  a  higher  freciuency  was  obtained  from  irradiation  of  the 
entire  body  than  from  irradiation  of  the  posterior  half.  However,  more 
accurate  work,  designed  to  check  this  point,  by  Kerkis  (1935a),  using 
pupae,  showed  that  there  are  no  such  effects  when  the  shielding  is 
properly  arranged. 

Evidence  that  even  closer  proximity  than  that  achieved  in  the  fore- 
going experiments  does  not  allow  transmission  of  a  mutagenic  effect  of 
ionizing  radiation  in  Drosophila  was  provided  by  tests  conducted  by 
Timofeeff-Ressovsky  and  his  co-workers  (Timofeeff-Ressovsky  and  Zim- 
mer,  1935b;  Wilhelmy  et  al,  1936;  Timofeeff-Ressovsky,  1937b)  with  X 
rays  of  different  wave  lengths.  It  was  found  that  apparently  the  same 
frequency  of  sex-linked  lethals  was  produced  by  irradiating  spermatozoa 
(in  mature  males)  with  X  rays  of  0.5-  or  1.25-A  wave  length  as  by  irradia- 
tion with  ordinary  X  rays  (about  0.18  A)  or  with  7  rays  of  radium,  pro- 
vided that  the  dose  received  within  the  gonads  was  the  same.     With  the 
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0.5-A  wave  length  the  surface  of  the  body  nearer  the  source  of  radiation 
had  to  be  exposed  to  a  dose  20  per  cent  higher  than  with  ordinary  X  or  7 
rays  in  order  to  attain  the  same  amount  of  radiation  within  the  gonads, 
because  of  the  greater  absorption  of  the  softer  radiation  by  the  superficial 
layers  of  the  body,  and  with  the  1.25-A  wave  length  the  surface  radiation 
had  to  be  100  per  cent  greater  than  with  ordinary  X  or  7  rays.  The  fact 
that  the  mutation  frequency  remained  unaffected  by  these  differences  in 
superficial  exposure  showed  (even  when  allowance  is  made  for  the  lesser 
exposure  of  the  remoter  side  of  the  body  when  softer  rays  were  used)  that 
the  irradiation  of  the  somatic  cells  did  not  cause  a  perceptible  production 
of  mutations  in  the  germ  cells,  despite  the  very  small  distance  separating 
them.  More  striking  was  the  fact  that,  when  still  softer  radiation,  of 
5-A  wave  length,  was  used,  practically  none  of  which  penetrated  as  deep 
as  the  gonads,  even  a  superficial  exposure  of  nearly  1,000,000  r  resulted  in 
no  appreciable  production  of  mutations. 

It  might  be  postulated  that,  in  these  experiments  on  the  spatial  Umita- 
tion  of  the  mutagenic  influence,  its  diffusion  to  the  unexposed  chromo- 
somes in  nearby  tissues  was  obstructed  mainly  by  the  presence  of  cell 
boundaries.  In  that  case,  irradiation  of  germ  cells  of  one  sex  before 
fertilization  might  later  result  in  mutations  in  the  chromosomes  supplied 
by  unexposed  germ  cells  of  the  opposite  sex  which  had  engaged  in  fertiliza- 
tion with  the  exposed  germ  cells,  provided  that  this  supposed  indirect 
influence  was  capable  of  persisting  until  after  fertilization.  Some  data 
bearing  on  this  possibihty  were  presented  in  the  very  first  experiments  on 
the  production  of  mutations  by  radiation  in  Drosophila  (Muller,  1928b). 
These  showed  that  the  cross  influence  (''transverse  induction"),  if  it 
exists,  must  be  a  very  slight  one,  either  of  the  exposed  female  germ  cells 
on  the  unexposed  genetic  material  supplied  by  the  father  or  in  the  oppo- 
site direction.  Further  tests  of  the  matter  were  later  carried  out,  in 
which  only  female  germ  cells  were  irradiated  since,  because  of  their  far 
greater  bulk,  these  cells  would  have  a  much  better  chance  of  transmit- 
ting such  an  effect.  It  was  found,  in  the  experiments  of  Muller  (1930), 
of  Timofeeff-Ressovsky  (1931b,  1937b),  of  Bonnier  et  al.  (1952),  and  of 
Hollaender,  Baker,  and  Anderson  (1952),  that  there  was  no  detectable 
production  of  mutations  in  the  chromosomes  derived  from  untreated 
spermatozoa  which  had  entered  the  eggs  of  exposed  females. 

Experiments  of  Timofeeff-Ressovsky  (1937b)  showed  also  that  muta- 
tions were  induced  by  X  rays  in  Drosophila  spermatozoa  with  the  same 
frequency  regardless  of  whether  the  eggs  which  they  fertilized  had  been 
derived  from  irradiated  or  nonirradiated  females.  On  the  other  hand. 
Bonnier  et  al.  (1952),  in  another  series  of  tests,  obtained  a  slightly  higher 
mutation  frequency  in  chromosomes  derived  from  irradiated  spermatozoa 
when  these  had  fertilized  eggs  from  irradiated  than  from  nonirradiated 
females.     Although  this  result  might  be  interpreted  as  the  effect  of  a 
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mutagen  induced  in  the  egg  material,  as  was  surmised  in  the  work  on  low 
doses  (p.  477),  it  must  be  noted  that  the  two  contrasted  series  in  this 
experiment  had  differed  in  other  respects,  including  the  age  of  the 
males  and  the  environment  of  the  sperm,  which  might  have  affected  the 
mutational  susceptibility  of  the  paternal  chromosomes.  Furthermore, 
studies  of  Bonnier  and  Liining  (personal  communication)  on  the  produc- 
tion of  mosaics  have  shown  that  the  condition  of  the  egg  (determined  by 
factors  such  as  aging  and  radiation)  can  affect  the  manner  of  reunion  of 
broken  chromosome  pieces  brought  in  by  the  sperm.  This  influence  too 
could  therefore  have  affected  the  frequency  of  recovered  lethals  of 
paternal  origin,  without  its  being  necessary  to  infer  that  there  had  been  an 
effect  on  the  frequency  of  either  gene  mutations  or  breaks  in  the  paternal 
chromosomes. 

Evidence  that  irradiated  protoplasm  exerts  Uttle  or  no  mutagenic 
influence  on  nonirradiated  chromosomes  has  been  obtained  in  other 
species  from  experiments  in  which  the  eggs  were  so  heavily  irradiated 
that  all  the  chromosomes  of  maternal  origin  were  lost  and  only  the 
chromosomes  derived  from  the  unexposed  spermatozoa  took  part  in 
development.  In  the  resultant  "  androgenetic "  offspring  any  visible 
mutations  would  have  been  evident  because  of  their  haploid  condition; 
yet  all  proved  to  be  normal.  This  result  was  obtained  first  in  experi- 
ments by  Astaurov  (1937)  on  the  silkworm  and  later  in  more  definitive 
experiments  by  A.  R.  Whiting  (1950)  on  the  wasp  Habrohracon.  In  the 
latter  case,  it  can  be  calculated  that  seven  or  more  visible  mutants  would 
have  been  expected  among  these  offspring  if  the  paternal  chromosomes 
had  been  directly  exposed.  This  would  not,  however,  rule  out  the  possi- 
bility of  a  transverse  induction  having  a  strength  only  a  tenth  or  less  that 
of  the  more  direct  mutagenic  effect.  Moreover,  in  the  case  of  all  the 
cited  experiments  dealing  with  this  question  the  objection  might  be 
raised  that  enough  time  had  elapsed  to  allow  such  an  influence  to  fade 
away,  inasmuch  as  the  sperm  did  not  usually  enter  the  eggs  until  a  day  to 
a  week  after  the  eggs  had  been  irradiated.  It  would  be  of  interest  if  this 
interval  could  be  considerably  reduced. 

Experiments  involving  a  shorter  interval  have  been  reported  by 
Kausche  and  Stubbe  (1940)  for  the  tobacco  mosaic  virus.  Although 
these  investigators  were  unable  to  produce  mutations  by  X  irradiation  of 
the  virus  in  pure  solution  or  as  a  crystal  and  although  they  obtained  only 
1  mutant  colony  among  1200  control  colonies  (each  colony  being  derived 
from  one  particle),  nevertheless,  3  mutant  colonies  were  found  among 
800  when  the  untreated  virus  particles  were  seeded  into  host  plants  which 
had  been  irradiated  not  more  than  24  hours  previously.  These  numbers 
do  not  appear  sufficient  to  be  more  than  suggestive.  However,  the 
investigators  report  further  that  all  3  mutant  colonies  in  the  experimental 
series  occurred  in  a  group  of  400  colonies  parasitizing  host  plants  in 
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which  growth  had  been  allowed  to  go  on  actively,  by  reason  of  their 
growing  tips  having  been  shielded  from  the  radiation,  and  none  in  the 
other  400  colonies  parasitizing  plants  in  which  growth  had  been  inhibited 
by  inclusion  of  the  growing  tips  in  the  exposure.  They  believe  this 
grouping  to  indicate  that  the  mutations  occurred  by  misconstruction  of 
daughter  virus  particles,  caused  by  incorporation  within  them  of  altered 
substrate  that  had  been  synthesized  only  when  growth  of  the  host  plant 
was  allowed.  Although  these  results,  which  have  been  repeatedly  cited 
in  evidence  of  transverse  induction  by  ionizing  radiation,  do  appear  sug- 
gestively similar  to  those  later  obtained  by  Stone,  Wyss,  and  others  with 
ultraviolet  (see  pp.  548-552),  more  extensive  data  along  these  lines  are 
needed  before  the  effect  in  question  (and  still  more  before  the  hypotheses 
here  proposed)  can  be  regarded  as  well  founded. 

7.  EVIDENCE  OF  TIME  LIMITATION  IN  MUTAGENESIS 
BY  IONIZING  RADIATION 

In  order  that  evidence  might  be  obtained  on  the  question  whether  the 
mutagenic  action  of  radiation  continues  long  after  the  exposure  has 
ceased,  as  it  might  do  if  long-lasting  mutagens  were  produced  or  if  some 
of  the  genetic  material  itself  were  brought  into  a  less  stable  state  (as  in 
Erwin  Baur's  spontaneous  cases  of  "premutation"),  the  first  experiments 
showing  the  production  of  mutations  by  ionizing  radiation  (Muller, 
1928b)  had  included  tests  not  only  of  the  mutation  frequency  existing  in 
the  exposed  individuals  but  also  of  that  in  their  descendants  of  the  first 
and  second  generation  after  treatment. 

Some  slight  heightening  of  the  frequency  of  origination  of  lethals  was 
indeed  found  to  occur  in  the  first  generation  after  treatment,  in  those 
chromosomes  which  were  descended  from  the  treated  spermatozoa. 
However,  this  result  was  interpreted  (correctly,  as  later  work  indicated) 
as  being  due  to  some  of  the  lethals  having  arisen  as  "  fractionals  "  (mosa- 
ics) in  only  one  of  two  sister  chromatids  immediately  derived  from  the 
irradiated  sperm.  Since  these  lethals  were  probably  connected  with 
structural  changes,  this  result  did  not  necessarily  imply  any  aftereffect, 
except  in  so  far  as  the  union  of  broken  ends  is  postponed  until  after 
fertilization.  At  that  stage  the  fragments  of  one  chromatid  derived 
from  a  broken  chromosome  could  join  in  a  manner  such  as  to  give  a 
lethal  effect,  while  those  of  the  sister  chromatid  could  join  up  in  a  different 
manner  or  undergo  restitution,  so  as  to  be  nonlethal  (see  p.  377).  The 
tests  were  of  such  a  nature  that  those  fractional  (approximately  half  and 
haK  in  most  cases)  individuals  of  the  first  generation  after  treatment, 
which  had  the  lethal-bearing  chromatid  present  in  some  of  their  germ 
cells  and  the  nonlethal  chromatid  in  other  germ  cells,  would  not  have  been 
recognized  as  having  the  lethal  since  some  of  their  sons,  those  receiving 
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the  nonlethal  chromatid,  would  hve.  However,  their  daughters  which 
had  received  the  lethal-bearing  chromosome  would  be  recognized  as  such 
when  tested.  Hence  the  lethal  would  be  recorded  as  not  having  arisen 
until  the  first  generation  after  treatment.  In  the  individuals  of  the 
second  generation  after  treatment  this  complication  could  no  longer 
play  a  role,  and  in  that  generation  no  significant  increase  in  the  frequency 
of  origination  of  mutations  was  found.  Admittedly,  however,  the 
interval  involved  is  so  long  that  the  test  is  far  from  a  delicate  one. 

According  to  later  tests  of  a  similar  kind,  carried  out  on  a  larger  scale 
by  Timofeeff-Ressovsky  (1931b,  1937b),  viable  males  containing  an 
X  chromosome  which  had  been  irradiated  in  the  previous  generation 
(derived  by  crossing  irradiated  males  to  females  with  attached  X  chromo- 
somes) showed  no  heightened  frequency  of  origination  of  sex-Unked 
lethals  whatever.  This  might  seem  contradictory  to  what  has  just  been 
said  concerning  fractionals.  However,  unlike  what  had  occurred  in  the 
earlier  work  on  this  subject,  in  which  the  females  of  the  first  generation 
after  treatment  (derived  by  crossing  irradiated  males  to  females  with 
separate  X  chromosomes)  had  been  tested,  many  fractional  cases  in  this 
experiment  must  have  been  automatically  eliminated  by  the  genetic 
method  used,  whereby  the  individuals  of  the  first  generation  after  treat- 
ment which  carried  the  irradiated  X  chromosomes  were  males.  For  a 
sex-linked  lethal,  even  if  carried  by  only  half  the  body,  might  be  expected 
often  (although  not  always)  to  kill  the  male  containing  it.  This  killing 
would  be  less  and  less  likely  to  occur,  the  later  in  the  course  of  the  embry- 
onic or  postembryonic  life  of  the  male  the  lethal  had  arisen,  although 
there  are  some  effects  which  are  even  cell  lethal,  as  noted  in  Chap.  7. 
These  results  with  X  rays,  indicating  the  absence  or  rarity  of  a 
mutagenic  aftereffect,  form  a  contrast  with  those  obtained  by  Auerbach 
(1949)  with  mustard  since,  after  treatment  with  this  chemical,  there  was  a 
definite  persistence  of  mutagenicity,  in  certain  loci  at  any  rate,  for  as 
long  as  two  generations  after  treatment. 

The  previously  cited  experiments,  indicating  that  ionizing  radiation 
does  not  produce  long  postponed  mutations,  were  on  a  coarse  time  scale 
and  dealt  chiefly  with  the  possibility  of  effects  on  later  generations  of 
individuals,  separated  from  the  irradiation  by  days  or  weeks,  rather  than 
on  later  cell  generations,  separated  by  hours  or  days.  Evidence  on  a 
finer  time  scale  is  provided  by  examination  of  the  immediate  offspring  of 
irradiated  individuals  to  determine  whether  they  exhibit  a  heightened 
frequency  of  phenotypic  effects  that  are  confined  to  a  small  portion  of 
the  somatic  tissues.  This  is  a  result  to  be  expected  if  visible  mutations 
or  losses  of  chromatin  had  been  produced  as  aftereffects  in  embryonic  or 
larval  somatic  cells,  several  cell  generations  removed  from  the  irradiated 
parental  germ  cell.  In  Drosophila  males  derived  from  irradiated 
mothers  having  separate  X  chromosomes  or  from  irradiated  fathers  that 
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had  been  crossed  to  females  having  attached  X  chromosomes,  any  sex- 
hnked  gene  mutation  or  structural  change  having  a  recessive  visible 
effect  and  any  dominant  visible  change  in  any  chromosome  become  evi- 
dent in  those  body  regions  containing  them  which  are  appropriate  for 
their  manifestation,  and  the  resultant  individual  is  termed  a  mosaic.  At 
the  same  time,  female  offspring  of  an  irradiated  parent  of  either  sex  mani- 
fest any  dominant  visible  change.  The  size  of  the  patch  of  abnormal 
tissue  gives  an  indication  of  the  approximate  cell  generation  in  which  the 
given  genetic  change  occurred. 

It  has  already  been  explained  that  many  structural  changes  produced 
by  breaks  in  irradiated  spermatozoan  chromosomes  of  Drosophila  are 
not  completed  until  after  chromatid  formation  and  that  the  broken  ends 
of  the  sister  chromatids  may  then  join  in  different  ways.  Approximately 
half-and-half  mosaics  are  thereby  produced,  when  the  structural  change 
undergone  by  one  of  the  chromatids  has  a  visible  manifestation  either  by 
reason  of  position  effect  or  aneuploidy.  Occasionally,  union  of  some  of 
the  parts  may  be  delayed  even  until  after  the  second  division  of  the 
irradiated  chromosome  (as  indicated,  for  instance,  by  the  evidence  from 
gynandromorphs),  and  this  might,  if  an  acentric  piece  were  still  available 
for  union,  result  in  a  mosaic  having  one  or  more  different  quarters  instead 
of  halves.  The  pattern  of  distribution  at  these  early  mitoses  cannot  be 
determined  with  exactness,  however,  for  three  main  reasons:  (1)  the 
appropriate  tissues  or  parts  for  manifesting  a  given  visible  effect  are  often 
very  limited  ones,  (2)  there  is  much  indeterminism  in  the  distribution  of 
early  "cleavage"  nuclei  among  different  parts  of  the  body,  and  (3)  nuclei 
or  cells  with  some  types  of  structural  changes  are  probably  subject  to 
more  or  less  retardation  in  their  proliferation,  with  the  result,  for  example, 
that  one  of  the  first  two  nuclei  may  give  rise  to  only  about  a  third  of  the 
body  (Bonnier  et  al,  1949). 

In  view  of  these  sources  of  variation  it  is  noteworthy  that  even  the 
first  observations  on  visibly  mosaic  mutants  obtained  from  irradiated 
spermatozoa  (Muller,  1927,  1928b)  indicated  that  the  great  majority 
were  probably  of  half-and-half  derivation  but  that  some  may  have  been 
quarter  mosaics.  It  is  true  that  later  work  on  this  subject  by  Moore 
(1934)  gave  results  which  were  irreconcilable  with  only  an  immediate 
mutational  effect.  According  to  his  data,  as  large  a  proportion  of  his 
visible  mutants  were  mosaics  even  when  the  parent  had  been  irradiated 
in  a  larval  stage  or  when  oocytes  had  been  irradiated  as  when  spermatozoa 
had  been  irradiated,  and  under  all  circumstances  there  seemed  to  be  a 
high  proportion  of  mosaics  having  only  a  small  fraction  of  abnormal 
tissue.  However,  there  are  several  reasons  for  questioning  the  reliability 
of  these  data,  and  they  are  in  disagreement  with  those  obtained  both 
previously  and  subsequently.  Thus,  Timofeeff-Ressovsky  (1937a,  b) 
found  that,  when  spermatozoa  were  irradiated,  the  abnormal  tissue  (as 
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far  as  could  be  determined)  comprised  more  than  a  third  of  the  body  in 
over  90  per  cent  of  the  mosaic  male  offspring.  He  also  found,  in  agree- 
ment with  earlier  but  less  definitive  observations  by  MuUer  (1928b),  that 
as  high  a  proportion  of  mosaics  was  produced  when  the  sperm  had  been 
aged  in  the  male  for  two  weeks  after  exposure  as  when  the  males  had 
inseminated  the  females  shortly  after  treatment.  This  result,  which  is 
contrary  to  that  found  by  Auerbach  (1952)  with  mustard,  indicated  that, 
if  there  was  any  aftereffect,  it  did  not  tend  either  to  mature  or  to  become 
counteracted  by  prolonged  aging  during  the  spermatozoon  stage.  This, 
in  turn,  suggests  that  the  apparent  aftereffect  involved  in  the  production 
of  mosaics  consists  only  in  the  postponement  of  union  between  broken  ends 
which  later  work  showed  to  be  characteristic  of  the  spermatozoon  stage. 
On  the  other  hand,  as  expected  if  there  was  no  real  mutagenic  aftereffect, 
irradiation  of  females  failed  to  give  rise  to  mosaics  (Timofeeff-Ressovsky, 
1937a,  b;  Muller,  Valencia,  and  Valencia,  unpublished  data),  and  this  also 
appeared  to  be  true  when  immature  male  germ  cells  were  irradiated,  both 
in  the  work  of  Timofeeff-Ressovsky  (1937a,  b)  and  in  that  of  Neuhaus 
(1934,  1935). 

When  one  of  the  two  chromatids  derived  from  an  X  chromosome 
irradiated  in  a  spermatozoon  has  been  lost  by  bridge  formation  that 
followed  simple  chromosome  breakage,  or  has  had  a  large  portion  deleted 
by  double  breakage,  the  resulting  mosaic  is  a  gynandromorph ;  if  one  of 
these  accidents  happens  to  a  Y  chromosome  having  a  visible  marker 
gene,  the  mosaic,  although  all  of  one  sex,  may,  nevertheless,  exhibit  the 
pattern  of  its  mosaicism.  Gynandromorphs  thus  produced  have  been 
studied  in  large  numbers  and  in  great  detail  by  Patterson  and  Stone 
(1938)  and  by  Bonnier  et  at  (1949).  Although  the  hypoploid  portion  of 
the  body  was  found  to  vary  greatly  in  size  and  shape,  it  averaged  about  a 
third  of  the  whole  body  in  both  sets  of  observations,  and  Bonnier  believes 
it  to  be  derived,  in  the  great  majority  of  induced  cases,  from  a  half-and- 
half  condition  in  which  the  proliferation  of  the  affected  nucleus  had  been 
somewhat  retarded,  perhaps  by  the  bridge  formation.  Mosaics  produced 
by  losses  of  the  Y  chromosome  induced  by  radiation  have  not  yet  been 
studied  on  an  adecfuate  scale,  but,  at  this  time,  indications  are  that  these 
mosaics  also  are  usually  half-and-half  in  origin. 

Since  losses  of  the  X  chromosome  may  be  made  much  more  abundant 
by  irradiating  a  ring-shaped  X  chromosome,  experiments  were  carried 
out  by  Battacharya  (see  Muller,  1940;  Battacharya,  1950),  under  the 
direction  of  Muller,  with  the  object  of  ascertaining  whether  the  chromo- 
some of  this  kind  derived  from  an  irradiated  spermatozoon  was  ever  lost 
after  the  first  few  cleavage  divisions.  For  this  purpose  the  nonring  X 
chromosome,  supplied  by  the  nonirradiated  mother,  was  caused  to  con- 
tain the  gene  for  white  eyes,  and  the  eyes  of  the  offspring  were  carefully 
examined  for  the  white  spots  which  would  indicate  the  loss  of  the  ring 
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chromosome.  It  was  found  that,  although  many  gynandromorphs  were 
produced  which  showed  a  large  amount  of  male  tissue,  comprising  a 
fourth  to  more  than  half  the  body,  and  although  this  tissue  appeared  white 
in  the  eyes,  nevertheless  there  was  no  higher  frecjuency  of  small  white 
patches,  indicative  of  later  loss,  than  in  the  nonirradiated  material. 
Since  the  cells  of  the  optic  rudiments  are  laid  down  very  early  and  there- 
after divide  to  form  in  each  eye  nearly  a  thousand  ommatidia,  all  of  which 
are  autonomous  in  regard  to  the  red-white  color  difference,  it  can  be  con- 
cluded that  there  is  neither  a  short-term  nor  a  long-term  aftereffect  in 
the  production  of  these  chromosome  breaks  (in  this  connection  see  also 
the  discussion  at  the  end  of  the  second  paragraph  below). 

Observations  of  cytologists  on  the  effects  of  irradiation  on  chromosomes 
of  kinds  too  varied  to  list  have  likewise  provided  evidence  that  chromo- 
some breakage  is  confined  to  the  exposed  cell  generation.  For  although 
the  breakage-fusion-bridge  cycle  often  continues  to  give  secondary  break- 
age, there  is  a  conspicuous  lack  of  good  evidence  that  new  primary 
breakage,  many  breaks  of  which  would  be  manifested  by  the  apparition 
of  new  acentric  fragments,  arises  in  cell  generations  subsequent  to  the 
treated  one.  Corroborating  this  is  the  evidence,  referred  to  earlier,  that 
two  or  more  irradiations  given  to  ordinary  interphase  cells  at  widely 
separated  intervals  are  unable  to  act  synergistically  in  the  production  of 
structural  changes  involving  two  or  more  breaks.  If,  however,  breakage 
continued  to  occur  as  an  aftereffect,  such  synergism  would  result,  as 
evidenced  by  the  fact  that  with  short  exposures  these  structural  changes 
increase  in  frequency  nearly  as  the  square  of  the  dose. 

Except  for  the  experiments  cited  on  pp.  511-512,  indicating  the  absence 
of  any  aftereffect  in  the  production  of  lethals  that  extends  over  one  or 
more  generations  of  individuals,  the  work  thus  far  described  in  this 
section  has  included  no  reliable  observations  bearing  on  how  much  delay 
the  production  of  actual  gene  mutations  may  be  subject  to.  For  it 
seems  probable  that  most  if  not  all  the  visibly  mosaic  individuals  dealt 
with  in  the  work  cited  have  represented  position  effects  or  manifestations 
of  aneuploidy,  resulting  in  either  case  from  chromosome  breakage.  This 
is  a  matter  awaiting  more  intensive  analyses.  There  is,  however,  one 
series  of  observations  relevant  to  the  question  of  whether  gene  mutations 
arise  as  aftereffects  of  ionizing  radiation.  This  is  a  study  reported  by 
MuUer  (1930)  in  which  white  spots  were  looked  for  in  the  eyes  of  males 
whose  X  chromosomes  had  been  derived  from  irradiated  spermatozoa. 
The  technique  was  much  like  that  in  the  previously  cited  experiment  of 
Battacharya  except  that  an  ordinary  rod-shaped  X  chromosome  was 
employed  and  that  male  rather  than  female  offspring  were  under  observa- 
tion, so  that  any  white  spots  would  be  ascribable  to  gene  mutation 
(and/or  ultrammute  deletion)  rather  than  to  breakage  followed  by  gross 
chromatin  loss.     (In  this  connection  it  may  be  noted  that  white  seldom 
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arises  as  a  position  effect  of  structural  change.)  A  study  of  over  6,000,000 
ommatidia  in  eyes,  the  X  chromosome  of  which  had  in  the  spermatozoon 
stage  received  over  3500  r,  showed  no  white  spots  attributable  to  gene 
mutation.  From  the  fact  that,  at  the  given  dose,  1  spermatozoon  in 
some  6000  is  caused  to  have  a  mutation  to  white  eye,  it  was  reckoned 
that,  if  there  were  a  gene-mutational  aftereffect,  it  must  have  become 
weakened  more  than  a  thousand  times  before  the  15-20  nuclear  divisions 
were  completed  which  established  the  ommatidial  rudiments. 

Similar  but  less  definitive  evidence  to  the  same  effect  is  to  be  found  in 
experiments  in  which  males  were  irradiated  in  different  embryonic  and 
larval  stages  and  were  examined,  when  mature,  for  mutant  white  patches 
m  the  eye  (e.g.,  Patterson,  1929).  For  in  such  work  the  size  of  the  patch 
agrees  in  a  general  way  with  the  stage  at  which  the  exposure  occurred, 
and  there  is  a  conspicuous  absence,  in  the  eyes  of  flies  given  the  earlier 
treatments,  of  singly  occurring  small  white  patches,  except  as  presumable 
results  of  the  migration  of  nuclei  in  flies  having  large  patches  as  well. 

A  different  kind  of  aftereffect  of  ionizing  radiation  on  mutagenesis 
might  conceivably  be  a  sensitization  or  desensitization  of  the  irradiated 
material  to  subsequent  irradiation.  It  has  been  noted  on  pp.  485-486 
that  Lane  has  reported  chromosome  breakage  in  Tradescantia  microspores 
to  be  hindered  by  a  prior  irradiation,  although  this  is  disputed  by  Sax. 
Gulbekian  (1936a)  reported  the  opposite  effect  with  regard  to  the  produc- 
tion of  lethals  in  Drosophila,  inasmuch  as  males  which  were  irradiated  as 
pupae  and  again  as  adults  appeared  to  give  a  higher  lethal  frequency  than 
the  sum  of  those  produced  by  irradiating  only  the  pupae  and  only  the 
adults.  In  this  calculation  he  took  zero  as  the  frequency  for  the  pupae 
alone  since  he  obtained  no  mutations  at  all  from  them,  and  he  inferred 
that  the  dose  used  was  below  the  threshold  for  an  effect,  when  applied  to 
this  stage  alone.  However,  Timofeeff-Ressovsky  (1937a),  in  a  retest  of 
this  question,  found  that  the  individuals  with  the  combination  treatment 
showed,  well  within  the  limits  of  statistical  error,  the  value  expected  on 
an  additive  (nonsynergistic)  relation.  He  also  found  that  the  mutation 
frequency  obtained  by  irradiating  the  pupae  alone  varied  linearly  with 
the  dose  applied  to  them  instead  of  giving  any  evidence  of  a  threshold. 
Finally,  he  found  that  irradiations  divided  into  six  doses  given  on  con- 
secutive days,  with  the  first  dose  given  in  the  pupa  stage,  resulted  in  the 
same  lethal  frequency  as  if  the  same  total  dose  were  concentrated 
together  on  the  last  day. 

This  result  is  in  line  with  the  other  work  previously  cited,  showing  the 
lack  of  effect  of  differences  in  the  timing  of  irradiation  on  the  production 
of  lethals  in  Drosophila  spermatozoa.  There  is,  however,  a  notable  lack 
of  data  on  this  subject  for  cells  other  than  spermatozoa,  and  it  cannot  be 
taken  for  granted  that,  in  these  other  more  typical  and  less  dormant  cells, 
the  radiosensitivity  to  mutagenesis  might  not   be  affected  and  even 
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remain  affected  for  some  time  as  a  result  of  irradiation  itself.  This  possi- 
bility is  indeed  suggested  by  the  effects  of  this  kind  which  have  been 
found  for  nonionizing  radiation  and  for  mustard  gas  (to  be  referred  to 
later) . 


8.  SPATIAL  LIMITATION  AS  EVIDENCED  BY  THE  EFFECTS 
OF  ION  DISTRIBUTION 

Finer  scale  evidence  concerning  the  degree  of  spatial  localization  of  the 
mutagenic  process  than  that  given  on  pp.  507-511  is  furnished  by  studies 
of  the  effects  of  differences  in  specific  ionization.  For  example,  as  already 
noted  on  pp.  488-490,  the  finding  that  there  is  a  higher  observable  fre- 
quency of  double  breakage,  involving  both  of  two  adjoining  sister  chroma- 
tids of  Tradescantia  pollen  tubes  at  adjoining  points,  when  4.1  A  X  rays 
are  used  than  when  the  radiation  is  harder  or  softer  (Catcheside  and  Lea, 
1943),  can  only  be  interpreted  reasonably  (regardless  of  the  explanation  of 
the  other  matters  at  issue  in  the  same  experiments)  as  being  a  result  of  the 
known  fact  that  with  4.1-A  radiation  a  maximum  proportion  of  the  ions 
is  distributed  in  clusters  long  enough  (about  14  m)  to  span  the  two  adja- 
cent chromatids.  This  conclusion,  in  turn,  implies  that  the  breaks  are 
located  very  close  to  the  actual  sites  of  ionization,  of  the  order  of  less 
than  ^■'i  IX  distant.  In  support  of  this  interpretation  is  the  further 
observation  that  neutrons,  according  to  the  data  of  Thoday  (1942)  as 
worked  over  by  Lea  and  Catcheside  (1942),  are  even  more  efficient  in 
causing  these  isochromatid  breaks.  For  this  result  corresponds  with 
the  fact  that  the  ion  clusters  resulting  from  neutron  irradiation  are  of 
comparable  density  to  those  from  4.1-A  X  rays  but,  in  relation  to  the 
genetic  structures  to  be  affected,  are  indefinitely  long  and  are  therefore 
still  more  likely  to  be  in  striking  range  of  two  chromatids  at  once. 

Conversely,  a  rays,  although  also  relatively  long,  can  be  shown  to  have 
their  ionizations  crowded  to  an  unnecessary  degree  on  this  view  (see  Lea, 
1946),  and  therefore  they  would  be  expected  to  be  less  efficient  than  neu- 
trons in  producing  breaks.  Data  of  Kotval  and  Gray  (1947;  also  cited 
by  Lea,  1946)  indicate  that  they  are,  in  fact,  less  efficient.  Li  the  reckon- 
ing of  this  efficiency,  due  allowance  had  to  be  made  for  the  complication, 
discussed  on  pp.  490-492,  that  fewer  of  the  broken  ends  produced  by  a 
rays  join  again  (whatever  the  reason  for  this  may  be),  and  that  more  of 
the  breaks  originally  produced  therefore  persist  until  they  can  be 
detected. 

Prior  to  and  paving  the  way  for  these  observations  and  interpretations 
had  been  work  of  Giles  (1940,  1943)  on  the  effects  of  neutrons  on  the 
chromosomes  of  Tradescantia  microspores.  In  fact  it  was  this  work 
which  provided  the  first  clear  evidence  of  the  fine-scale  spatial  limitation 
of  ionizations  or  activations  in  causing  breaks  of  chromatin.     In  this 
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work  the  important  finding  was  made  that  not  only  is  the  frequency  of 
single  breaks  of  chromosomes  and  chromatids  proportional  to  the  first 
power  of  the  dose,  as  it  had  already  been  found  to  be  with  X  and  7  rays, 
but  that  even  gross  exchanges  and  small  deletions  produced  by  neutron 
treatment  follow  this  rule,  instead  of  varying  with  some  higher  power  of 
the  dose  as  they  do  with  X  and  7  rays.  Moreover,  in  the  production  of 
these  changes  by  neutrons,  unlike  what  had  been  found  for  X  and  7 
rays,  the  timing  or  intensity  of  the  exposure  proved  to  be  a  matter  of 
indifference. 

As  Giles  pointed  out,  both  the  linear  relation  and  the  time  independence 
show  that  with  neutron  treatment  the  two  breaks  of  a  structural 
rearrangement  are  produced  by  ionizations  or  activations  belonging  to 
the  track  of  the  same  projected  particle.  It  could  be  calculated,  how- 
ever, that  the  doses  used  were  sufficiently  large  and  the  exposure  time  in 
much  of  the  work  was  sufficiently  short  to  result  in  several  or  many  of 
these  tracks  falling  within  the  same  nucleus  in  the  critical  interval  before 
much  union  of  broken  ends  could  have  taken  place.  It  follows  therefore 
that  the  broken  ends  derived  from  the  same  track  must  have  joined 
selectively  with  one  another  rather  than  with  those  from  different  tracks. 
This  showed,  first,  that  the  breaks  must  have  been  produced  within  or  close 
to  those  tracks  which  caused  them  and,  second,  that,  in  this  material  at 
least,  broken  ends  join  almost  exclusively  with  others  in  their  immediate 
vicinity.  That  is,  there  is  a  narrow  spatial  limitation  both  in  breakage 
and  in  joining. 

The  linear  frequency-dosage  relation  for  structural  changes  involving 
two  or  more  breaks  would  not  necessarily  be  expected  to  hold  when 
Drosophila  spermatozoa  were  irradiated  with  neutrons;  for,  as  has  been 
noted  previously,  the  breaks  produced  in  Drosophila  spermatozoa  are 
retained  until  after  fertilization,  at  which  time  the  movements  of  chromo- 
some parts  should  give  better  opportunity  than  in  ordinary  interphase 
cells  for  broken  ends  which  had  arisen  at  relatively  distant  points  to 
come  into  contact.  This  would  tend  to  make  the  frequency  of  struc- 
tural changes  in  this  material  depend  on  a  power  of  the  dose  higher  than 
1  with  neutrons,  much  as  it  does  with  X  rays,  even  if  there  was  as  rigorous 
a  spatial  limitation  on  the  process  of  breakage  in  this  material  as  in 
Tradescantia.  However,  evidence  at  this  time,  to  be  cited,  if  taken  at  its 
face  value,  appears  contrary  to  such  freedom  of  movement  before  union 
since  the  relation  has  been  found  to  be  approximately  linear  for  neutrons, 
even  when  they  are  applied  to  Drosophila  spermatozoa. 

That  the  frequency-dosage  relation  for  structural  changes  produced  by 
treating  Drosophila  spermatozoa  with  neutrons  is  different  from  that 
obtained  with  X  rays  might  already  have  been  suspected  from  the  con- 
trast between  the  findings  of  Dempster  (1941b)  and  those  of  Demerec, 
Kaufmann,  and  Sutton  (1941);  for  whereas  Dempster  had  reported  that 
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his  one  neutron  dose,  which  by  measurement  or  as  calculated  from  the 
lethal  rate  was  equivalent  to  about  2500  r,   had  an  efficiency,   when 
applied  to  spermatozoa,  about  1.25  times  as  great  as  X  rays  in  producing 
translocations,  the  latter  investigators  reported  that  their  two  neutron 
doses,  of  about  3750  and  5000  reps,  respectively,  had  approximately  the 
same  efficiency  as  X  rays  in   causing  structural   changes.     This   con- 
trast in  results  would  indicate  a  falling  off  in  the  efficiency  of  neutrons  as 
compared  with  X  rays  in  producing  such  changes  when  the  dose  was 
increased.     Although  the  latter  investigators  believed  their  own  results 
to  indicate  that  neutrons  and  X  rays  behave  similarly  in  causing  struc- 
tural changes  in  Drosophila,  their  data  actually  show  an  even  lower  fre- 
quency at  their  higher  dose  than  would  be  calculated  on  a  linearity  rela- 
tion from  the  results  for  their  lower  dose,   contrary  to  what  X  rays 
would  be  expected  to  give.     However,  the  two  doses  which  they  used, 
bearing  the  ratio  3:4,  were  too  much  alike,  considering  the  high  statis- 
tical error,  to  make  a  decision  concerning  the  frequency-dosage  relation 
for  neutrons  possible  from  their  data  alone.     The  first  definitive  data  on 
the  frequency-dosage  relation  for  the  production  of  structural  changes  by 
neutrons   applied   to   Drosophila  spermatozoa   were   those   reported   by 
Catsch,  Peter,  and  Welt  (1944).     The  doses  which  they  used  had  a  range 
which  overlapped  the  range  of  the  doses  employed  by  the  earlier  investi- 
gators of  this  matter.     The  range  in  the  work  of  Catsch,  Peter,  and  Welt 
was,  however,  much  wider,  the  doses  tested  having  the  approximate  rela- 
tion 1:2:4.     The  frequencies  of  autosomal  translocations  found  at  these 
doses  turned  out  to  be  very  nearly  1,  2,  and  4  per  cent,  respectively,  and 
thus  were  related  in  a  remarkably  linear  way  to  the  doses.     Proceeding 
to  a  higher  range  of  neutron  doses,  yielding  from  about  5  to  9  per  cent  of 
autosomal  translocations,  Muller  and  J.  I.  Valencia  (1951;  unpublished 
data)  found  that  an  approximately  linear  frequency-dosage  relation,  or 
one  which  even  seemed  to  fall  somewhat  below  the  linear,  holds  for  this 
higher  range  also. 

Since  it  is  readily  calculated  that,  with  the  doses  used  and  more 
especially  with  the  higher  doses,  several  or  many  tracks  traverse  the 
same  sperm  nucleus,  which  is  about  7  n  long,  these  results,  like  those  of 
Giles,  appear  to  mean  both  that  the  breaks  are  produced  within  or  in  the 
immediate  submicroscopic  neighborhood  of  the  tracks  and  that  the 
majority  of  broken  ends,  even  of  chromosomes  derived  from  spermatozoa, 
eventually  undergo  union  with  broken  ends  that  had  at  the  time  of 
breakage  been  in  their  immediate  vicinity.  That  is,  the  pieces  do  not 
ordinarily  become  moved  about  extensively  before  they  undergo  union. 

That  there  are  some  exceptions  to  this  rule  is  shown  by  the  observation 
of  Sidky  (1940)  that  broken  ends  produced  by  irradiation  of  spermatozoa 
may,  on  occasion,  join  even  with  those  arising  in  chromosomes  derived 
from  the  mother.     In  addition,  it  should  be  noted  that  such  narrow 
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spatial  limitation  in  joining  appears  difficult  to  reconcile  with  the  idea 
that  the  chromosomes  are  arranged  end  to  end  in  single  file  within  the 
spermatozoon,  as  had  once  been  inferred  (Gowen  and  Gay,  1933)  from 
the  approximate  correspondence  between  the  total  length  of  the  con- 
densed chromosomes  of  a  haploid  set  and  the  length  of  a  sperm  head  and 
as  Cooper  (1952)  has  reported  on  the  basis  of  the  cytological  observation 
of  an  individual  spermatozoon.  For,  if  this  were  true,  the  broken  ends 
of  two  different  chromosomes  could  only  be  near  enough  together  to  form 
a  translocation  when  the  breaks  were  both  near  the  original  free  ends  (a 
case  which  is  exceptional  for  observed  translocations),  and  large  deletions 
and  inversions  could  never  be  produced. 

Nevertheless,  the  linear  relation  found  with  neutrons  would  demand 
spatial  limitation  of  both  breaks  and  unions,  unless  the  linearity  was  in 
this  case  a  "synthetic"  resultant  of  two  antagonistically  acting  factors. 
These  presumably  would  be  (1)  a  primary  relation  of  frequency  to  dose 
similar  to  that  found  with  X  rays  and  (2),  superimposed  on  factor  (1), 
some  contrary  influence.  With  increasing  dose,  factor  (2)  would  either 
make  chromosomes  ever  less  susceptible  to  breakage  or  to  exchange 
union  or,  more  likely,  would  result  in  a  selection  of  offspring  from  classes 
of  sperm  which  had  naturally  been  less  susceptible.  As  has  been  noted 
earlier  in  connection  with  X-ray  results,  Llining's  work  (1952a,  b,  c,  d) 
shows  the  existence  of  such  a  selective  factor  when  the  sperm  are  of 
mixed  stages  of  maturity  or  when  the  males  providing  them  are  of  mixed 
ages.  The  deviations  in  the  data,  suggesting  that  the  translocation  fre- 
quencies may  with  higher  doses  of  neutrons  fall  even  below  those  expected 
on  linearity,  and  the  similar  results  obtained  by  Muller  (unpublished 
data)  for  chromosome  losses  produced  by  neutron  treatment,  indicate 
that  such  an  influence  was  in  fact  acting  to  some  degree  in  this  work. 
Hence  a  decisive  answer  cannot  be  given  to  this  question  before  additional 
data  are  obtained  with  material  more  exactly  uniform  in  regard  to  age  of 
males  and  stage  of  their  contained  sperm. 

Although  a  truly  linear  relation  for  the  production  of  gross  structural 
changes  by  neutrons  applied  to  spermatozoa  would  prove  the  principle  of 
spatial  limitation  in  breakage,  nevertheless,  a  relation  like  that  found  for 
X  rays  would  not  disprove  it,  since  such  a  result  could  be  explained  as  an 
effect  of  the  unions  rather  than  the  breaks  having  a  considerable  spatial 
range.  However,  in  view  of  the  margin  of  doubt  about  the  meaning  of 
the  apparently  linear  neutron  results  actually  obtained,  it  is  fortunate 
that  there  is  a  series  of  experiments  of  another  kind  on  the  genetic  effects 
of  neutrons  on  this  material,  which  definitely  show  the  existence  of  a  fine- 
scale  spatial  limitation  in  mutagenesis  by  ionizing  radiation.  This  work 
is  concerned  with  the  production  of  point  mutations. 

Following  Nagai  and  Locher's  (1937)  demonstration,  under  Alten- 
burg's  direction,  of  the  production  of  sex-linked  lethals  by  neutron  treat- 
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ment  of  Drosophila  spermatozoa,  it  was  shown  by  Timofeeff-Ressovsky 
and  his  co-workers  (Timofeeff-Ressovsky,  1938;  Timofeeff-Ressovsky  and 
Zimmer,  1938;  Zimmer  and  Timofeeff-Ressovsky,  1938;  Zimmer,  1938) 
that  neutrons  have  only  about  two-thirds  the  efficiency  of  ordinary  X  rays 
in  producing  these  changes,  when  doses  of  the  same  ionizing  capacity  in 
tissue  are  compared.  At  the  same  time,  the  frequency  relation  of  the 
lethals  to  neutron  dose,  like  that  to  X-ray  dose,  was  found  to  be  linear, 
up  to  the  highest  dose  used,  which  gave  about  3  per  cent  of  lethals.  The 
lesser  efficiency  was  confirmed  by  Dempster  (1941b),  by  Demerec, 
Kaufmann,  and  Sutton  (1941),  by  Giles  (1943),  and  by  Fano  (1942),  and 
the  linear  relation  to  dose  has  recently  been  extended  to  a  frequency  of 
9  per  cent  by  MuUer  and  Valencia  (unpublished  data).  Similarly,  with 
a  rays  applied  to  spores  of  Aspergillus,  Stapleton,  Hollaender,  and  Martin 
(1952)  have  found  for  visible  mutations  a  distinctly  lower  efficiency  than 
for  X  rays  and  a  linear  relation  to  dose. 

Timofeeff-Ressovsky  and  Zimmer,  and  later  Lea  and  Catcheside,  inter- 
preted the  lesser  efficiency  of  more  densely  ionizing  radiation  to  mean 
(to  paraphrase  their  discussion)  that  the  mutagenic  pathway  of  an 
ionization  or  activation  is  so  short  that,  with  neutrons,  about  two  out  of 
every  three  ionizations  (or  activations  or  natural  clusters)  which  would  by 
themselves  have  caused  a  mutation,  fell  within  mutagenic  range  of  a  gene 
already  being  caused  to  mutate  by  one  or  more  other  of  these  activating 
agents,  one-third  of  them  thereby  becoming  superfluous,  whereas  with 
X  and  7  rays  the  predominantly  wider  spacing  of  the  active  particles  or 
groups  allowed  very  little  of  this  overlapping  of  their  effects.  It  may  be 
observed  that  a  possible  alternative  explanation  of  at  least  a  part  of  the 
lowered  effectiveness  might  have  been  postulated  to  lie  in  a  speedier 
neutralization  of  negative  ions  by  positive  ions  where,  as  with  neutrons, 
they  were  more  crowded,  with  the  consequent  removal  of  some  of  them 
before  they  had  a  chance  to  exert  a  mutagenic  influence  (as  postulated  by 
Lea,  1947,  in  a  different  connection).  However,  a  more  detailed  analysis 
of  neutron  mutagenesis  (MuUer  and  J.  I.  Valencia,  1951  and  unpub- 
lished data)  has  indicated  that  neither  of  these  two  possible  interpreta- 
tions is  the  correct  one  but  that,  nevertheless,  the  conclusion  must  be 
drawn  that  the  ionizations  or  activations  produce  the  mutagenic  effects 
observed  within  an  ultramicroscopic  distance  of  the  points  at  which  they 
originated. 

In  the  work  last  referred  to,  mutations  involving  specific  loci  known  to 
affect  visible  characters  were  obtained  by  the  method,  already  used  for 
other  radiation,  of  crossing  irradiated  males  having  normal  genes  at  those 
loci  to  females  having  viable  fertile  mutant  alleles  at  the  same  loci. 
Thus  the  mutations  found  and  bred  which  showed  visible  changes  involv- 
ing the  given  loci  included  not  only  the  viable  fertile  types  but  also  any 
cases  in  which  the  new  mutant  would,  by  itself,  have  been  lethal  or 
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sterile.  Previous  work  of  this  kind  with  X  and  7  radiation  (J.  I.  Valencia 
and  MuUer,  1949)  had  shown  that,  at  certain  of  these  loci,  e.g.,  that  of 
yellow  body,  white  eye,  or  forked  bristles,  the  great  majority  (four-fifths 
or  more)  of  the  point  mutations  so  obtained  (i.e.,  those  mutations  which 
were  not  associated  with  a  deficiency  or  other  structural  change  cyto- 
logically  detectable  in  the  salivary  glands)  acted  as  nonlethals.  At 
certain  other  loci,  on  the  other  hand,  e.g.,  that  of  carnation  eye,  raspberry 
eye,  or  cut  wing,  lethal  effects  were  in  the  great  majority  even  among  the 
point  mutations.  It  may  be  presumed,  especially  from  the  similarity  of 
the  over-all  point-mutation  rates  at  most  of  the  loci  of  both  these  groups, 
that  true  gene  mutation  at  a  locus  of  the  first  group  does  not  give  a 
lethal  effect,  whereas  it  usually  does  when  it  occurs  at  a  locus  of  the 
second  group.  Corresponding  with  this  conclusion  is  the  fact  that,  in 
the  case  of  the  locus  of  yellow  or  of  white,  even  a  total  loss  of  the  locus 
allows  the  retention  of  viability  (Kossikov  and  Muller,  1935;  Panshin, 
1941).  Thus  those  exceptional  point  mutations  of  the  first  group  which 
were  associated  with  lethality  were  in  all  probability  either  ultraminute 
deficiencies  or  inversions,  too  small  to  be  detected  cytologically,  or  cases 
of  two  gene  mutations  in  separate  but  very  closely  neighboring  loci,  one 
of  these  mutations  having  the  visible  and  the  other  the  lethal  effect. 

With  this  background,  derived  from  X-  and  7-ray  results,  the  results 
from  neutrons  may  now  be  evaluated.  For  the  genes  of  the  second  group 
it  was,  of  course,  found  that,  as  with  less  densely  ionizing  radiation,  the 
great  majority  of  the  point  mutations  were  again  lethal.  However,  with 
the  genes  of  the  first  group,  those  which,  with  the  other  radiation,  had 
given  a  great  majority  of  viable  point  mutations,  it  was  found  that  the 
neutrons  gave  rise  to  a  considerable  proportion  (a  third  or  more)  of  lethal 
type  among  those  showing  no  cytological  change.  These  cases  then  were 
to  be  regarded  as  involving  either  two  breaks  or  two  gene  mutations,  pro- 
duced in  close  proximity.  The  great  excess  of  such  cases  from  neutrons 
as  compared  with  X  or  7  rays  could  only  mean  that  the  much  greater 
crowding  of  the  atomic  changes  occasioned  by  the  neutrons  had  led  (as  it 
had  also  in  the  production  of  translocations  in  Tradescantia)  to  a  much 
greater  crowding  of  the  mutagenic  effects.  Therefore  the  mutagenic 
effects  must  have  occurred  in  close  proximity  to  the  points  of  origin  of 
those  ionizations  or  activations  which  had  caused  them ;  in  other  words, 
the  mutagenic  pathway  had  been  extremely  short.  In  fact,  it  must  have 
been  of  even  smaller  than  microscopic  dimensions,  otherwise  there  would 
have  been  visible  deficiencies  in  these  cases  if  breaks  had  been  involved, 
or  two  mutant  genes,  a  visible  and  a  lethal,  separable  without  too  great 
difficulty  by  crossing  over,  if  gene  mutations  had  been  involved.  Never- 
theless, although  so  close  together,  the  mutagenic  effects  in  question 
were,  if  breaks,  at  least  two  genes  apart  and,  if  gene  mutations,  at  least 
one  gene  apart.     Moreover,  in  view  of  the  general  similarity  in  the  means 
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of  producing  both  types  of  effects,  breaks  and  gene  mutations,  it  seems 
most  likely  that  some  of  these  cases  involved  one  type  of  double  effect 
and  some  the  other,  although  it  would  be  hazardous  at  this  time  to 
estimate  the  numbers  of  these  two  types  relatively  to  each  other. 

There  is  no  reason  to  assume  that  the  number  of  breaks  or  of  gene 
mutations  in  a  cluster  thus  produced  would  never  be  higher  than  2.  If, 
as  a  first  approximation,  the  number  of  effects  in  different  cases  are 
assumed  to  form  a  Poisson  series  of  frequencies,  it  can  readily  be  reckoned 
from  the  frequencies  of  those  having  just  one  effect  (the  viable  cases)  and 
those  having  more  than  one  effect  (the  lethals)  that  there  had  been 
approximately  50  per  cent  more  actual  mutational  changes  involved, 
counting  separately  all  those  occurring  at  or  between  different  loci,  than 
there  had  been  cases  of  mutation  found.  That  is,  about  a  third  of  the 
mutational  changes  are  lost  to  view  in  a  count  that  scores  as  one  unit 
each  case  of  a  point  mutation  involving  a  visible  effect.  Since  the  pro- 
portion similarly  lost  to  view  is  so  small  in  the  case  of  X  and  7  radiation, 
this  means  that  the  neutrons  have  not  much  more  than  two-thirds  the 
efficiency  of  the  less  densely  ionizing  radiation  in  so  far  as  the  production 
of  separately  detectable  mutational  effects  in  cases  of  point  mutation 
involving  genes  with  visible  effects  is  concerned.  It  is  evident,  moreover, 
that,  if  this  is  true  in  the  cases  studied  in  which  the  mutations  had 
originally  been  detected  by  means  of  their  visible  effects,  it  must  also  be 
true  of  mutations  detected  by  means  of  lethal  effects.  That  is,  when  a 
lethal  occurs  at  a  given  locus  (either  as  a  result  of  gene  mutation  or 
deficiency),  there  is,  on  the  average,  just  as  much  chance  that  one  or 
more  other  lethals  will  have  been  simultaneously  produced  at  some 
neighboring  locus  or  loci,  as  when  a  change  with  a  visible  effect  occurs  at 
a  given  locus.  It  follows  that,  with  neutrons,  about  a  third  of  the  lethals 
actually  arising  in  the  detected  cases  of  lethal  point  mutations  fail  to  be 
individually  recorded  because  of  their  proximity  to  other  lethals. 

These  facts  and  considerations  appear  to  explain  why  neutrons  cannot 
have  much  more  than  two-thirds  the  efficiency  of  less  densely  ionizing 
radiation  in  producing  lethal  point  mutations  which  are  obviously 
separate.  These  relations  would  not  be  much  disturbed  by  the  inclusion, 
among  lethal  point  mutations  less  accurately  analyzed,  of  cases  of  dele- 
tions of  a  size  large  enough  to  be  seen  cytologically,  as  must  have  hap- 
pened in  the  earlier  studies.  For  in  the  work  by  Muller  and  J.  I.  Valencia 
on  mutations  at  specific  loci,  demonstrable  deletions  were  found  to  be 
produced  with  about  the  same  frequency,  in  relation  to  the  cytologically 
invisible  point  mutations,  by  neutrons  as  by  X  or  7  rays. 

Returning  now  to  the  finding  by  Timofeeff-Ressovsky  and  Zimmer  that, 
when  doses  of  equal  ionizing  capacity  are  tested,  neutrons  appear  to  have 
only  about  two-thirds  as  high  an  efficiency  as  X  or  7  rays  in  producing 
sex-linked  lethals,  it  is  evident  that,  within  the  limits  of  statistical  error, 
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this  result  might  be  explained  entirely  by  the  greater  clustering  of  muta- 
tions when  neutrons  are  used.  Hence  there  no  longer  remains  any  valid 
reason  for  following  these  investigators  in  their  inference  that  neutrons 
are  actually  less  efficient  than  X  rays  in  the  production  of  the  primary 
mutational  changes  at  individual  loci.  Instead,  the  efficiency  of  the 
neutrons  in  this  respect  would  appear  to  be  about  the  same  as  that  of 
X  rays,  despite  the  dense  crowding  of  ionizations  caused  by  neutrons. '^ 

This  relation  would  mean  that  a  given  locus,  or  interlocus  connection, 
which  is  instigated  to  mutation  or  breakage  by  a  given  ionized  or  activated 
particle  or  minute  cluster  of  them,  is  seldom  simultaneously  within  range 
of  another  such  particle  or  cluster  that  by  itself  would  likewise  have 
succeeded  in  causing  a  mutation  or  break  at  the  given  locus  or  interlocus. 
This  is,  however,  very  different  from  saying  that  there  are  no  other  active 
particles  simultaneously  present,  within  a  range  close  enough  to  produce 
mutation  in  the  given  genetic  material;  it  implies  only  that,  even  though 
these  are  present,  the  chance  of  any  of  them  proving  mutagenically  effec- 
tive is  very  small.  For,  as  will  be  explained  shortly,  there  is  reason  to 
infer  that  in  experiments  of  this  type  there  are  usually  several  or  many 
other  ionized  particles  or  clusters  within  a  mutagenic  distance  of  the 
genetic  material  in  question  in  addition  to  the  one  which  actually  causes 
the  mutation  in  it.  This  being  the  case,  the  conclusion  would  follow  that 
for  an  active  particle  or  cluster  to  be  within  a  certain  prescribed  space  is 
not  enough  to  result  in  its  instigating  a  mutation.  Evidently  other 
special  circumstances  are  necessary  at  the  same  time,  such  as  for  the 
particle  to  be  in  exactly  the  right  strategic  position  and  to  participate  in 
the  right  concatenation  of  energy  relations  and  chemical  structure, 
before  it  can  effectuate  a  mutational  event. 

Even  after  acceptance  of  this  conclusion,  which  points  to  the  existence 
of  factors  other  than  mere  presence  within  a  given  region  that  determine 
whether  an  activated  particle  is  to  be  mutagenic,  it  is  still  necessary  to 
conclude  from  the  neutron  results  that  distance  from  the  point  to  be 
affected  is  a  factor  that  plays  a  very  important  role.  In  other  words,  the 
essential  result  still  stands  that  in  order  to  be  mutagenic  the  activated 
particle  produced  by  ionizing  radiation  in  spermatozoa  of  Drosophila 
or  in  pollen  of  Tradescantia  must  usually  be  within  an  ultramicroscopic 
distance  of  the  genetic  material  to  be  affected.  Yet,  as  will  be  shown  on 
pp.  548-552,  even  this  is  not  an  absolute  requirement;  for  in  certain  other 
types  of  material,  with  ultraviolet  radiation  at  any  rate,  the  mutational 
pathway  has  been  found,  on  occasion,  to  be  far  longer.  This  being  the 
case,  it  would  be  strange  if  any  material  were  entirely  free  from  such 
long-pathway  effects.  Moreover,  inasmuch  as  a  part  of  the  effects  of 
ionizing  radiation  must  be  identical  with  the  effects  of  ultraviolet,  it  is  to 
be  expected  that  even  ionizing  radiation  would  be  capable  of  exerting 

'  However,  new  data  confute  all  earlier  estimates  of  the  mutagenicity  of  neutrons. 
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some  influence  of  this  kind.  However,  if  these  longer  range  effects  do 
exist  in  Drosophila  spermatozoa  and  Tradescantia  pollen  treated  with 
ionizing  radiation,  they  must  be  very  rare  in  comparison  with  the  ultra- 
microscopically  circumscribed  effects,  otherwise  the  results  from  neutrons 
would  not  have  shown  as  much  localization  of  pattern  as  they  do. 

9.  THE  TARGET  HYPOTHESIS  AS  APPLIED  TO   MUTAGENESIS 

The  finding  that  the  hits  of  ionizing  radiation,  in  order  to  be  muta- 
genically  effective,  must  usually  occur  in  the  immediate  submicroscopic 
vicinity  of  the  genetic  material  which  becomes  altered  thereby  does  not 
constitute  proof  that  these  hits  must  actually  fall  inside  or  upon  the  given 
gene  or  in  any  fixed  region  within  or  associated  with  the  gene,  or  even 
inside  the  chromosome.  If,  however,  this  primary  assumption  were  true 
even  approximately,  as  the  "target  hypothesis"  supposes,  and  if  it  were 
also  true  (2)  that  each  such  ionization  gave  rise  to  mutation  in  the  given 
gene,  (3)  that  virtually  no  excitation  did  so,  and  (4)  that  practically  all 
these  mutations  were  detectable,  then  it  would  be  possible  to  use  existing 
data  on  the  efficacy  of  radiation  mutagenesis  for  calculating  the  size  of 
the  gene  or  at  least  its  sensitive  volume,  and  the  number  and  to  some  ex- 
tent even  the  shape  of  these  units.     This  has  repeatedly  been  attempted. 

The  target  hypothesis  was  first  applied  to  biological  material  by 
Crowther  (1924,  1926),  in  an  attempt  to  estimate  the  size  of  the  body 
controlling  whether  or  not  mitosis  shall  occur  in  an  irradiated  cell,  on  the 
tentative  postulates  (corresponding  with  those  given  above)  that  any 
ionization  but  no  ordinary  activation  within  this  body  and  no  ionization 
outside  it  would  distinctly  inhibit  mitosis.  The  volume  thus  calculated 
was  found  to  correspond  fairly  closely  with  the  apparent  size  of  the 
centriole  as  visible  in  stained  preparations.  The  hypothesis  was  again 
apphed  by  Blackwood  (1931,  1932)  for  similarly  estimating  the  size  of  the 
gene,  or,  to  use  his  qualification,  of  its  "sensitive  region,"  on  the  corre- 
sponding postulates  that  any  ionization  but  no  mere  excitation  within 
this  region  of  a  given  gene  and  none  outside  it  would  give  rise  to  a  detect- 
able mutation  of  it. 

The  essential  principle  involved  in  this  method  of  calculation  is  simple 
and  may  be  expressed  as  follows.  Suppose  that  i  represents  the  chance 
(exceedingly  small)  of  ionization  of  any  individual  atom,  selected  at 
random  from  the  sensitive  region  of  a  given  gene,  when  a  given  dose  is 
applied,  and  that  a  is  the  number  of  atoms  within  that  region.  Then,  if 
the  ionizations  are  randomly  distributed  the  product  at  must  on  this 
hypothesis  be  equal  to  the  chance  m  of  a  mutation  being  produced  in  that 
gene  by  that  dose.  For  the  purpose  of  determining  the  number  of  atoms 
in  the  gene,  the  equation  m  =  ia  may  be  rewritten  a  =  m/i.  Now  i,  the 
chance  or  frequency,  at  a  given  dose,  of  ionization  in  material  having  the 
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approximate  atomic  composition  dealt  with,  is,  of  course,  known  from 
physical  data,  and  m,  the  chance  or  frequency  of  detectable  mutation  of  a 
given  gene,  is  obtained  from  genetic  data.  Finally,  a,  the  number  of 
atoms  thus  arrived  at,  may  readily  be  converted  into  a  volume,  from 
considerations  of  the  approximate  density  of  the  material. 

Blackwood  calculated  a  sensitive  volume  of  about  12  m^t  diameter  for 
the  gene  which  mutates  to  white  eye.  However,  he  used  too  high  a  value 
for  m  since  he  apparently  based  it  on  the  frequency  of  appearance  of  white 
spots  in  the  eye  in  Patterson's  work  on  the  irradiation  of  Drosophila 
larvae  heterozygous  for  white,  and  most  of  these  spots  are  in  fact  caused 
by  somatic  crossing  over.  Values  ranging  from  about  1  to  4  uifj.  were  later 
obtained  by  Timofeeff-Ressovsky,  Zimmer,  and  Delbriick  (1935),  using 
the  frequency  of  production  of  various  visible  mutations  by  irradiation 
of  spermatozoa.  Although  at  first  stating  that  this  volume  was  mit 
einem.  Gene  zu  identifizieren,  these  investigators  in  their  later  works, 
accepting  criticisms  put  forward  by  Muller  at  the  Gene  Conference  held 
in  Copenhagen  in  1936,  adopted  the  position  that  the  sensitive  volume 
must  be  distinguished  from  the  gene.  Lea  and  Catcheside  (1945a)  and 
Lea  (1946),  by  essentially  the  same  method,  arrived  at  a  value  of  about 
2-6  van  oi^  the  basis  of  the  same  data.  In  this  case,  however,  in  order  to 
allow  for  the  nonrandom  distribution  of  the  ionizations  arising  from  X-ray 
treatment,  the  modification  (Lea,  1940)  had  been  introduced  of  using, 
instead  of  the  number  of  separate  ionizations,  the  number  of  ultimate  ion 
clusters  (each  consisting,  on  the  average,  of  about  two  ionizations).  The 
ions  in  such  clusters  are  within  only  a  few  angstrom  units  of  each  other 
and  must  therefore  be  within  the  same  sensitive  volume  in  the  great 
majority  of  cases;  they  should  therefore  be  treated  as  units  in  the 
calculation. 

Lea  (1940,  1946),  further  taking  into  account  the  effect  of  differences  in 
specific  ionization,  worked  out  tables  showing  the  sensitive  volume  which 
would  correspond  to  any  given  mutation  frequency,  for  radiation  of 
different  types,  such  as  ordinary  X  rays,  4-  and  8-A  X  rays,  neutrons,  and 
a  rays,  on  the  assumption  that  the  volume  in  cpestion  was  a  compact, 
approximately  spherical  one.  He  showed  that  the  approximately  33  per 
cent  reduction  in  mutation  frequency  that  had  been  found  with  a  given 
dose  of  neutrons  as  compared  with  ordinary  X  rays  was  to  have  been 
expected  if  the  sensitive  volume  had  a  diameter  of  about  4-8  m^  (there  is 
an  inordinately  large  statistical  error  involved  in  this  calculation),  and  he 
offered  this  result  as  a  confirmation  of  the  value  that  had  been  obtained 
from  the  X-ray  calculation  considered  by  itself.  This  seeming  agree- 
ment would,  however,  lose  its  significance  for  the  ciuestion  of  the  size  of 
the  sensitive  volume  of  an  individual  gene  if  the  apparent  reduction  in 
efficiency  found  with  the  neutron  data  was  caused  by  a  clustering  of 
mutations  in  different  but  nearby  loci  rather  than  by  an  overlapping  of 
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effects  on  the  same  locus.  Moreover,  several  different  considerations 
render  it  more  probable  that  the  gene  is  fiberlike  or  sheetUke  in  shape 
(even  though  with  coils  or  foldings)  than  that  it  forms  a  compact  more  or 
less  spherical  mass,  and  if  this  is  true  of  its  sensitive  volume,  there  would, 
for  any  given  volume,  be  far  less  difference  in  the  efficiency  with  which 
the  different  types  of  radiation  produced  mutations  in  an  individual  gene 
than  is  indicated  in  the  tables  used. 

Lea  and  Catcheside  have  regarded  this  calculated  sensitive  volume  as 
representing  approximately  the  size  of  the  gene  itself,  on  the  ground  that 
in  the  case  of  enzymes  and  viruses  the  sensitive  volumes,  calculated  on 
the  same  assumptions  from  the  frecjuency  of  their  inactivation  by  radia- 
tion, had  been  found  to  correspond  fairly  closely  with  the  known  sizes  of 
these  particles.  In  such  experiments  the  particles  had  been  in  a  medium 
containing  a  small  amount  of  other  protein,  to  combine  with  the  activated 
radicals  produced  in  the  exterior  water  which  otherwise  would  have 
reacted  with  the  particles  and  caused  additional  inactivations  in  them 
(as  shown  for  viruses  by  Luria  and  Exner,  1941).  Lea  and  Catcheside 
assumed  that  the  nuclear  medium  must  contain  sufficient  protein  to 
protect  the  genes  in  this  way.  This  is  not  so  self-evident,  however,  and 
it  is  even  possible  that,  in  specialized  substances  surrounding  the  genes, 
reaction  chains  might  be  started  which  in  turn  affect  the  genes.  More- 
over, it  does  not  seem  evident  that  a  process  (ionization)  which  always 
destroyed  or  completely  inactivated  a  virus  or  enzyme  particle  would 
always  cause  mutation  in  a  gene,  especially  since  it  is  known  that,  when 
the  gene  is  caused  to  mutate,  it  is  usually  not  destroyed.  There  might 
very  well  be  stabilizing  mechanisms  incorporated  in  the  chromosome 
material  of-  an  advanced  organism  (including  a  more  decided  "cage 
effect"  of  its  structure)  which  a  more  primitive  particle  did  not  possess. 
In  that  case  most  ionizations  which  arose  within  it  might  fail  to  produce  a 
permanent  change. 

A  volume  6  m/i  in  diameter  is  about  a  thousandth  or  less  of  the  "maxi- 
mum" gene  size  which  had  been  calculated  by  Muller  (1929b,  1935)  by 
several  different  methods.  The  term  "maximum"  is  used  here  to  mean 
the  size  which  a  gene  would  have  on  the  admittedly  only  limiting  assump- 
tion that  a  chromosome,  when  in  the  condensed  state  in  which  it  occurs 
at  metaphase  or  in  a  spermatozoon,  contained  no  material  other  than  its 
genes.  It  seems  likely  that  even  when  in  this  form  the  chromosome  does 
contain  some  other  material.  However,  it  seems  very  unlikely,  especially 
in  view  of  the  survival  value  of  having  the  spermatozoon  trimmed  down 
to  the  smallest  possible  dimensions,  that  the  gene  material  should  occupy 
only  a  thousandth  part  of  the  chromosome's  bulk.  Moreover,  if  this 
were  the  case,  the  relative  constancy  in  the  amount  of  desoxyribonucleic 
acid  found  per  chromosome-set  in  the  nuclei  of  virtually  all  cells  of  a 
given  species,  at  all  stages  (a  principle  recently  confirmed  by  Patau,  per- 
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sonal  communication),  would  seem  rather  surprising.  It  also  seems 
improbable,  on  the  face  of  it,  that  a  gene  should  usually  be  about  as 
small  as  an  egg-albumen  molecule,  as  would  be  the  case  if  its  diameter 
was  only  6  m/x  or  less.  Such  an  object,  containing  only  a  few  thousand 
atoms  of  six  main  types  and  further  limited  by  the  necessity  of  these 
atoms  being  grouped  into  only  a  few  hundred  amino-acid  and  nucleotide 
blocks  of  a  few  tens  of  standard  kinds,  would  hardly  seem  capable  of 
developing  that  unUmited  diversity,  speciaUzation,  and  nicety  of  func- 
tioning which  genes,  in  their  varied  representatives,  have  attained. 

Lea  and  Catcheside,  in  assuming  that  the  calculated  volume  of  6  m/x 
represents  the  gene,  ran  into  another  difficulty.     They  calculated  that, 
if  the  genes  were  compact  bodies  (as  required  on  their  interpretation  of 
the  lowered  mutagenic  efficiency  of  neutrons),  there  would  have  to  be 
enough  intercalary  material  between  the  genes  to  occupy  about  nine- 
tenths  to  nineteen-twentieths  of  the  length  of  the  chromosomes  when  they 
were  extended.     Yet  only  the  genie  portion  would  be  the  breakable  por- 
tion, on  their  view  which  connected  breaks  with  mutations  and  which 
employed  supposed  breakage  frequencies  in  the  calculation  of  the  size  of 
the  sensitive  material.     This  being  the  case,  an  ionizing  particle,  the 
track  of  which  traversed  and  broke  the  genie  portion  of  a  spiralized  chro- 
mosome at  one  point,  would  be  highly  unlikely  to  happen  to  cross  the 
neighboring  rung  of  the  spiral  in  exactly  its  genie  portion  also.     Hence  it 
could  very  seldom  cause  more  than  a  single  break  despite  the  fact  that, 
according  to  their  deductions  from  the  data,  two  breaks  near  each  other 
occur  in  a  high  proportion  of  cases.     To  escape  this  difficulty,  they  pos- 
tulated that  the  extended  salivary-gland  chromosome  has  grown  greatly 
not  only  in  width  (a  process  caused  by  its  repeated  reproduction)  but 
also  in  length,  relatively  to  the  condensed  chromosome,  and  that  the 
growth  in  length  occurs  by  the  taking  in  of  the  hypothetical  intercalary 
material.     This  assumption,  however,  is  not  borne  out  by  studies  which 
show  such  polytene  chromosomes  to  be  not  much  shorter  in  their  less 
multiplied,  thin  stages  than  they  are  when  completely  developed  (e.g., 
Slizynski,  1950). 

If  the  total  number  of  mutations  is  estimated  as  four  times  the  number 
of  lethals,  only  one  mutation  is  found  to  occur  in  a  chromosome  for  every 
thousand  or  more  ultimate  ion  clusters  produced  in  it  (basing  its  size  on 
that  of  its  most  condensed  stage).  Thus  if  the  entire  volume  of  the  chro- 
mosome, as  seen  when  condensed,  was  filled  with  gene  material,  not  more 
than  about  one  in  1000  ionizations  (or  ion  clusters)  in  the  gene  could  have 
a  permanent  mutational  effect  which  was  capable  of  detection  by  the 
most  refined  means  applicable  at  this  time,  that  of  measuring  the  abiUty 
to  survive.  About  the  same  ratio  is  obtained  for  an  indi\idual  gene  that 
produces  visible  mutations,  when  its  size  is  assumed  to  be  the  maximum 
estimated  one.     This  is  only  another  way  of  saying  that  the  sensitive 
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volume,  as  calculated  on  the  target  hypothesis,  forms  only  a  thousandth 
of  the  bulk  of  the  chromosome.  But  it  points  up  the  question,  is  this 
because  few  ionizations  within  the  genes  are  effective  in  causing  a  detec- 
table mutation  or  because  the  genes  comprise  so  small  a  proportion  of  the 
chromatin?  Moreover,  it  is  to  be  noted  that,  if  some  ionizations  which 
originate  outside  the  chromatin  can  cause  mutations  also,  the  proportion 
of  ionizations  inside  the  chromatin  which  cause  mutations  is  lowered  still 
further. 

That  not  every  ionization  within  the  assumed  sensitive  region  is  sure 
to  produce  a  mutation  is  directly  proved  by  the  long-known  fact  that 
the  yield  of  mutations,  for  a  given  dose,  varies  according  to  other  circum- 
stances than  the  radiation  (Muller,  1932,  1937,  1940,  1941a,  1952a). 
Thus  in  Drosophila,  point  mutations  are  produced  in  the  germ  cells  of 
some  ordinary  interphase  stages  with  only  about  a  third  or  half  the 
frequency  of  their  production  in  spermatozoa.  Different  stocks  and 
species  also  differ  in  their  sensitivity  to  the  effect.  Again,  as  will  be 
noted  in  Sects.  15-17,  various  externally  applied  agents  cause  drastic 
changes  in  the  induced-mutation  frequency.  It  seems  much  more  likely 
that  these  differences  are  caused  by  conditions  which  alter  the  likelihood 
of  a  given  ionization  or  activation  being  effective  rather  than  by  shrink- 
age and  swelling  of  a  supposititious  sensitive  volume.  But,  if  our  inter- 
pretation is  correct,  the  sensitive  volume  as  calculated  would  not  be  a 
spatially  fixed  and  definable  thing  and  would  have  meaning  only  as  a 
mathematical  description  of  the  end  result.  The  term  used  for  it  would 
therefore  be  a  misnomer. 

It  is  of  importance  to  note  that,  when  the  qualification  is  introduced 
that  the  ionizations  within  a  given  sensitive  region  have  less  than  a  100 
per  cent  chance  of  being  effective.  Lea's  size-effectiveness  tables  require 
a  change  in  the  scale  of  the  coordinate  representing  size.  For  it  is  the 
number  of  effective  ions  not  the  total  number  present  which  counts,  and 
in  this  case  a  larger  particle  is  required  to  have  a  given  number  of  effec- 
tive ions  than  if  every  ion  were  effective.  Thus  it  turns  out  that,  under 
these  circumstances,  larger  volumes  than  those  calculated  by  Lea  are 
required  in  order  to  fulfill  the  condition  that  neutrons  have  only  two- 
thirds  the  apparent  mutagenic  efficiency  of  X  rays.  In  fact,  their  increase 
in  size  must  be  about  the  same,  factorially,  as  the  decrease  in  the  chance 
of  an  ionization  being  effective  (e.g.,  a  one-fifth  chance  of  being  effective 
implies  a  volume  about  five  times  as  great).  In  view  of  these  consider- 
ations, it  is  evident  that  the  agreement  between  the  volume  arrived  at  by 
Lea  on  the  basis  of  the  relative  efficiencies  of  radiation  of  different  specific 
ionizations  and  that  obtained  from  the  absolute  efficiency  of  X  rays  is  no 
indication  of  the  correctness  of  this  calculated  volume  since  a  decrease  in 
the  probability  of  an  ionization  being  effective  will  affect  both  calculations 
in  much  the  same  way. 
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The  finding  that  the  sensitive  region,  in  the  sense  used  by  Blackwood, 
Lea,  and  Catcheside,  represents  an  entire  group  of  genes  rather  than 
only  one  gene  makes  the  more  unacceptable  the  conclusion  of  Lea  and 
Catcheside  that  its  volume  as  calculated  by  them  corresponds  fairly 
closely  with  the  size  of  the  actual  genes  concerned.  For  if  it  is  difficult 
to  conceive  of  one  gene  as  being  of  such  small  size  as  calculated  on  this 
view,  it  is  considerably  more  difficult  to  imagine  a  group  of  genes  as 
occupying  this  space.  It  thereby  becomes  evident  that  the  physical  vol- 
umes dealt  with  are  much  larger  than  calculated  and  that,  in  comple- 
mentary fashion,  there  is  a  far  smaller  chance  than  unity  for  an  ionization 
or  activation  within  this  space  to  result  in  a  mutation.  Thus  the  calcu- 
lated volume  cannot  be  translated  into  terms  of  real  physical  dimensions 
without  knowledge  of  the  probability,  for  the  given  set  of  conditions, 
that  an  ionization  in  the  given  region  will  be  effective.  Moreover,  it 
should  be  recognized  that  even  this  probability  represents  only  an  average 
for  the  entire  region  and  that  within  this  region  it  must  be  subject  to  local 
variations,  perhaps  diminishing  so  gradually  toward  its  outskirts  as  to 
make  the  size  of  the  region,  like  the  height  of  the  earth's  atmosphere, 
only  arbitrarily  definable. 

The  assumption  that  virtually  every  ionization  within  a  given  volume 
(or  within  the  gene  itself)  causes  mutation  of  the  gene  is  not  the  only 
questionable  premise  of  the  target  hypothesis.  The  idea  that  activations 
of  a  merely  excitational,  nonionizing  nature  are  without  effect  in  the  pro- 
duction of  mutations  is  still  more  improbable  since  it  is  contradicted  by 
the  results  from  ultraviolet,  from  experiments  with  temperature  alone, 
and  from  those  with  chemicals.  However,  the  much  greater  mutagenic 
efficiency  of  ionizing  radiation,  for  a  given  amount  of  absorbed  energy, 
indicates  (as  discussed  on  pp.  538-539)  that,  in  comparison  with  indi- 
vidual ionizations,  individual  excitations  may  be  of  very  minor  importance 
in  accounting  for  the  mutagenic  effects  of  ionizing  radiation  itself. 

More  vulnerable  still  is  the  assumption  of  the  detectability  of  virtually 
all  mutations.  It  is  a  demonstrated  fact  that  most  mutations  have  effects 
which  are  very  difficult  to  detect  (see  Chap.  7).  Moreover,  even  the 
same  gene  can  mutate  to  alleles  of  very  different  detectability.  When 
the  different  alleles  of  one  original  gene  are  obtained,  they  are  often  found 
to  differ  in  the  frequency  of  mutations  which  they  show  because  their 
mutations  differ  either  in  detectability  or  in  frequency,  or  both,  with  the 
result  that  these  alleles  have  been  calculated  to  have  radically  different 
sensitive  volumes. 

Finally,  the  assumption  that  ionizations  or  activations  which  occur  out- 
side the  gene  or  outside  some  definite  sensitive  volume  are  never  (or  with 
negligible  frequency)  capable  of  causing  mutations  in  it  has  in  certain 
instances  been  demonstrated  to  be  fallacious.  Here  again  the  results  on 
inactivation  of  enzymes  and  viruses  have  proved  misleading,  even  though 
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they  did  give  evidence  of  a  relatively  small  amount  of  influence  of  this 
kind.  It  is  probable  that  the  extent  to  which  such  transmission  from 
outside  may  occur  differs  much  with  different  types  of  cells  and  of  organ- 
isms, and  perhaps  also  under  different  conditions.  This  matter  will  be 
discussed  later.  Meanwhile,  it  may  be  noted  that  any  such  influences 
would  tend  to  cause  the  calculated  sensitive  volume  to  be  greater  than 
that  of  the  gene  itself. 


10.  PRODUCTION  OF  POINT  MUTATIONS  AND  CHROMOSOME    CHANGES 

BY  ULTRAVIOLET 

Following  Altenburg's  (1930,  1931)  finding  that  sex-linked  lethals  can 
be  induced,  although  at  a  rather  low  frequency,  by  ultraviolet  irradiation 
of  spermatozoa  through  the  body  w^all  of  Drosophila,  Promptov  (1932) 
reported  that  he  obtained  visible  mutations  (although  rather  doubtful 
ones)  in  this  way,  and  Geigy  (1931)  gave  rather  inconclusive  evidence  of 
having  obtained  visible  mutations  by  ultraviolet  irradiation  of  the  germ 
cells  contained  in  the  superficially  lying  polar  cap  of  the  blastula  stage. 
The  latter  technique  was  improved  on  its  genetic  side,  with  a  considerable 
increase  in  the  mutation  frequency,  by  Altenburg  (1933,  1934,  1936a,  b). 
Meanwhile  during  the  same  decade,  mutations  were  obtained  by  ultra- 
violet treatment  of  the  following  plant  material:  ascospores  of  the  fun- 
gus Chaetomiuni  (Dickson,  1932),  pollen  of  the  snapdragon  Antirrhinum 
(Noethhng  and  Stubbe,  1934),  maize  pollen  (Stadler  and  Sprague,  1936, 
1937;  Stadler  and  Uber,  1938,  1942;  Stadler,  1939),  spores  of  the  fungus 
Triclwphyton  (Hollaender,  1939;  Emmons  and  Hollaender,  1939),  gametes 
of  the  liverwort  Sphaerocarpus  (Knapp,  1938;  Knapp  et  al.,  1939;  Knapp 
and  Schreiber,  1939).  Since  1940,  ultraviolet  mutagenesis  has  been 
extended  to  various  other  material. 

Most  of  the  mutations  obtained  in  the  pioneer  investigations  with 
ultra^dolet  invoh^ed  lethal  or  visible  effects  unconnected  with  the  semi- 
sterility indicative  of  chromosome  changes.  In  the  work  of  Reuss  (1935, 
1938)  on  Drosophila  spermatozoa,  in  which  a  higher  frequency  of  sex- 
linked  lethals  (up  to  about  5  per  cent)  was  obtained  than  previously  by 
passing  filtered  ultraviolet  through  the  flattened  ventral  wall  of  the  abdo- 
men of  males  while  they  were  still  highly  flexible  and  relatively  trans- 
parent, it  was  shown  that  the  ratio  of  lethals  to  visibles  was  similar  to 
that  among  spontaneous  mutations  (this  ratio  being  slightly  lower  than 
among  those  produced  by  X  rays).  In  general,  ultraviolet  mutations  of 
Drosophila  appeared  similar  in  type  to  spontaneous  ones  (see,  however, 
Chap.  7,  for  differences  between  ultraviolet  and  X-ray  mutations  at  cer- 
tain loci  in  maize). 

There  was  evidence  almost  from  the  beginning,  however,  that  ultra- 
violet does  produce  some  chromosome  changes  in  Drosophila.     Altenburg 
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(unpublished  data  of  1931)  had  found  a  significant  although  small  produc- 
tion of  translocations  following  spermatozoon  treatment:  six  transloca- 
tions appeared  among  1965  tested  gametes  in  the  ultraviolet  series  (which 
at  the  same  time  gave  41  lethals  in  12,236  X  chromosomes)  and  no  trans- 
locations among  1695  tested  gametes  in  the  controls  (which  gave  only 
3  lethals  in  12,372  X  chromosomes).  One  translocation  was  reported  by 
MuUer  (1941a)  and  another  by  Demerec,  Hollaender,  et  al.  (1941)  among 
offspring  from  treated  spermatozoa.  Slizynski  (1942)  reported  finding 
deletions  associated  with  the  lethals  obtained  by  MuUer  by  means  of  ultra- 
violet treatment  of  spermatozoa,  in  an  abundance  comparable  to  that 
among  X-ray-produced  lethals.  However,  nearly  all  these  involved  losses 
of  only  one  or  two  bands,  thus  being  of  so  small  a  size  that  according  to 
some  cytologists  the  determination  would  often  lose  precision.  Exami- 
nations by  P.  N.  Bridges  of  13  lethals  produced  in  spermatozoa  in  work  of 
MuUer  (1941a)  failed  to  yield  any  certain  deletions. 

Kaufmann  and  Hollaender  (1946)  reported  a  significant  production  of 
dominant  lethals  (12  per  cent)  by  ultraviolet  treatment  of  Drosophila 
spermatozoa  and,  by  analogy  with  the  known  X-ray  studies,  interpreted 
them  as  probably  results  of  single  breaks.  Similarly,  in  poultry  a  fre- 
quency of  about  50  per  cent  of  dominant  lethals  which  killed  the  embryo 
in  the  blastoderm  stage  was  produced  by  ultraviolet  treatment  of  the 
spermatozoa  in  vitro  (Muller  and  F.  A.  Hays,  1944,  unpublished  data). 
McQuate  (1950)  found  that  sex-chromosome  losses,  giving  viable  off- 
spring and  presumably  caused  by  single  breakage  although  lagging  was 
not  excluded,  were  produced  by  ultraviolet  treatment  of  Drosophila 
spermatozoa  with  apparently  only  slightly  lower  frequency  than  by  a  dose 
of  X  rays  of  comparable  effect  in  producing  point  mutations.  (No  cases 
of  breakage  with  healing,  giving  terminal  deletions,  were  found,  however, 
although  they  could  have  been  detected.)  That  the  chromosome  losses 
in  these  experiments  were  in  fact  caused  by  breakage  was  indicated  by 
Faberge  and  Mohler's  (1952)  finding  that,  when  Drosophila  spermatozoa 
containing  ring  X  chromosomes  were  irradiated,  there  was  an  especially 
high  rate  of  loss  of  the  sex  chromosomes,  causing  inviable  offspring  (the 
viable  losses  not  being  detectable  under  the  conditions  of  this  experi- 
ment). These  inviable  losses  were  evidenced  by  the  reduction  in  the 
relative  number  of  daughters.  However,  a  comparison  with  X  rays 
could  not  be  made  because  the  dose  used  was  not  determined  in  terms  of 
its  production  of  recessive  lethals. 

That  ultraviolet  applied  to  Drosophila  spermatozoa  is  distinctly  less 
potent  in  causing  translocations  than  is  a  dose  of  X  rays  giving  the  same 
frequency  of  lethals  was  shown  in  extensive  tests  by  Muller  and  Mac- 
kenzie (Muller  and  Mackenzie,  1939;  Mackenzie  and  Muller,  1940). 
This  conclusion  was  confirmed  and  extended  by  cytogenetic  analysis  of  a 
group  of  70  sex-linked  lethals,  derived  from  ultraviolet  treatments  of 
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spermatozoa  which  had  resulted  in  1.3  per  cent  of  these  lethals.  The 
analyses  showed  that  this  group  included  only  three  demonstrable 
chromosome  changes:  one  translocation,  one  inversion,  and  one  deletion 
(Valencia  and  McQuate,  1951).  On  the  other  hand,  77  X-ray  lethals, 
produced  by  a  dose  that  had  given  1.8  per  cent  of  lethals,  included  twelve 
chromosome  changes;  seven  translocations,  four  inversions,  and  one  dele- 
tion (Valencia,  1952). 

Meanwhile,  in  work  on  maize,  Stadler  and  Sprague  (1936),  with  cyto- 
logical  assistance  by  Singleton  (1939),  had  found  numerous  chromosome 
changes  but  not  with  as  high  a  frecjuency  as  from  an  X-ray  dose  which 
was  comparable  in  the  production  of  viable  point  mutations.  Moreover, 
the  ultraviolet  chromosome  changes  included  a  much  larger  proportion  of 
chromosomes  which  had  undergone  single  breakage  followed  by  healing 
of  the  broken  end,  so  as  to  form  terminal  deficiencies,  rather  than  of 
exchange  union  between  broken  ends,  and  when  junction  of  ends  derived 
from  different  breaks  did  occur  after  ultraviolet  treatment,  this  junction 
was  usually  between  only  two  of  the  pieces  and  not  the  complementary 
two.  Another  feature  of  the  ultraviolet  breaks  was  that  they  usually 
affected  only  one  of  the  two  chromatids  derived  from  a  treated  pollen 
chromosome,  whereas  those  produced  by  X  rays  usually  affected  both  of 
them.  This  is  understandable  on  the  basis  of  the  clustering  of  ioniza- 
tions in  the  electron  tracks  produced  by  X  rays  since,  as  previously  noted, 
this  clustering  (as  shown  by  the  evidence  from  radiation  of  different 
specific  ionizations)  sometimes  breaks  both  of  two  sister  chromatids  at 
once;  these  are  the  very  cases  least  likely  to  undergo  restitution  and  there- 
fore are  the  most  likely  to  be  found.  Similar  findings  regarding  the  differ- 
ences between  the  ultraviolet  and  X-ray  effects  have  been  made  in 
Tradescantia  microspores  by  Swanson  (1940,  1942,  1943).  It  was  also 
noted  by  the  Lindegrens  (1941)  and  by  Hollaender,  Sansome,  et  al.  (1945) 
that  visible  mutations  produced  by  ultraviolet  treatment  of  Neurospora 
spores  (microconidia)  included  far  fewer  cases  of  partial  sterility,  indica- 
tive of  structural  changes,  than  did  those  from  a  mutagenically  com- 
parable dose  of  X  rays.  Nevertheless,  Faberge  (1951)  by  means  of  a 
chromosome  arm  containing  seven  markers  analyzed  the  results  pro- 
duced in  maize  endosperm  by  treatment  of  pollen  and  reports  having 
produced  translocations,  inversions,  rings,  and  simple  breaks  in  con- 
siderable abundance  by  ultraviolet  in  this  material. 

An  important  aid  in  the  interpretation  of  some  of  these  peculiarities  of 
ultraviolet  was  provided  by  the  findings  of  Swanson  (1942,  1944)  for 
Tradescantia  microspores  and  of  Kaufmann  and  Hollaender  (1944,  1946) 
for  Drosophila  treated  in  the  spermatozoon  stage,  that  ultraviolet  applied 
after  X  rays  causes  a  distinct  reduction  in  the  frecjuency  of  structural 
changes  produced,  below  that  found  in  the  material  treated  with  only 
X  rays.     It  is  therefore  evident  that  ultraviolet  not  only  produces  breaks 
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but  somehow  counteracts  the  process  by  which  the  broken  ends  join  into 
new  combinations.  It  appears  to  do  this,  as  Kaufmann  and  HoUaender 
pointed  out,  by  favoring  restitution  rather  than  terminal  deletion  or 
isochromosome  formation,  since  they  found  that  the  ultraviolet  given  in 
addition  to  the  X  rays  did  not  raise  the  frequency  of  dominant  lethals 
beyond  that  expected  as  an  additive  function  of  the  two  treatments.  A 
greater  increase  than  this  in  dominant  lethals  would  have  resulted  if  some 
of  the  X-ray  cases,  which  without  ultraviolet  would  have  become  trans- 
locations, inversions,  or  small  deletions,  had  been  caused  by  the  ultra- 
violet to  have  their  broken  ends  remain  unconnected  or  to  undergo  iso- 
chromatid  union. 

A  possible  basis  for  such  increased  restitution  was  provided  by  Swanson 
(1942,  1944)  in  his  observation  that  the  ultraviolet-treated  Tradescantia 
chromosomes  underwent  a  shortening,  and  a  change  in  their  appearance 
suggesting  a  stiffening  of  their  matrix.  It  is  true  that  this  would  not 
readily  explain  the  prevalence  of  terminal  deletions  as  opposed  to  inter- 
changes which  was  found  in  some  of  the  ultraviolet-treated  plant  mate- 
rial. Nevertheless,  the  influence  of  the  ultraviolet  on  the  X-ray  breaks 
shows  that,  in  view  of  this  restitutional  effect,  the  conclusion  cannot  yet 
be  drawn  that  ultraviolet  produces  fewer  primary  breaks  than  X  rays, 
when  doses  of  equal  potency  in  causing  point  mutations  are  compared. 

The  yield  of  breaks  which  had  remained  ununited  until  the  time  of 
cytological  observation  was  found  by  Swanson  (1940,  1942)  in  his 
Tradescantia  material  to  show  a  straight-line  relation  to  the  dose  of 
ultraviolet  used,  over  a  range  of  doses,  the  extremes  of  which  differed  by  a 
factor  of  about  8.  This  observation  is  of  great  interest  in  that  it  indicates 
that  these  breaks  are  produced  by  individual  singly-acting  activations. 
With  ultraviolet,  since  no  tracks  are  produced,  the  number  of  activations 
within  any  given  volume  varies  with  the  dose.  Thus,  if  activated 
radicals  cooperate  in  producing  the  changes,  these  would  vary  as  a  power 
of  the  dose  received  during  any  fixed  exposure  time  (this  power  being 
equal  to  the  number  of  cooperating  particles).  The  frequency-dosage 
curve  would  in  that  case  rise  concavely  as  viewed  from  above.  Unfortu- 
nately, in  these  experiments  the  dose  was  changed  only  by  varying  the 
time  of  exposure,  whereas  evidence  on  this  question  can  be  clear  only  if  the 
frequency  produced  is  shown  to  be  independent  of  the  timing  of  the 
exposures  given.  This  was  probably  the  case  in  this  work,  however, 
if  it  is  permissible  to  judge  by  the  results  obtained  for  point  muta- 
tions in  Drosophila  pole  cells  by  the  Altenburgs  and  referred  to  on 
p.  538. 

On  the  other  hand,  Stadler  and  Uber  (1942)  found  a  convexly  rising 
curve  instead  of  a  straight  line  in  maize,  when  they  used  chromosome 
deficiencies  phenotypically  evident  in  the  endosperm  as  a  measure. 
However,  they  calculated  that  the  deviation  from  linearity  was  prob- 
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ably  all  to  be  accounted  for  in  this  case  by  the  eccentricity  of  the 
nucleus  within  the  strongly  ultraviolet-absorbing  cytoplasm  of  the  pollen 
grains. 

11.  POINT  MUTATIONS  IN  RELATION  TO   QUANTITY  AND  QUALITY 

OF  ULTRAVIOLET 

On  treatment  of  spores  of  various  fungi,  namely,  Trichophyton,  Asper- 
gillus, Neurospora,  and  Penicillium,  Hollaender  and  co-workers  (HoUaen- 
der,  1939;  Emmons  and  Hollaender,  1939;  Hollaender  and  Emmons, 
1941;  Hollaender,  Sansome,  et  al.,  1945;  Hollaender  and  Zimmer,  1945) 
found  the  frequency  of  phenotypically  expressed  mutations  to  rise  rapidly 
at  first,  more  or  less  in  proportion  to  the  dose  of  ultraviolet,  and  then  to 
describe  a  convex  curve  which  reached  a  maximum  and  finally,  at  high 
doses  which  allowed  the  survival  of  only  a  small  proportion  of  the  spores, 
dropped  off.  Since  the  spores  were  much  smaller  and  less  ultraviolet- 
absorbent  than  the  pollen  grains  used  by  Stadler,  the  interpretation  of 
differential  absorption  could  not  explain  much  of  the  progressive  decline 
of  the  slope  of  this  curve.  At  least  a  part  of  the  explanation  of  this 
phenomenon  came  to  light,  however,  in  the  finding  that  it  was  to  a  con- 
siderable extent,  although  by  no  means  completely,  prevented  by  soaking 
the  irradiated  spores  in  saline  for  several  days  before  culturing  them. 
Since  this  procedure  greatly  improved  the  over-all  survival  rate  at  the 
higher  doses  at  the  same  time  as  the  frequency  of  observable  mutants 
among  the  survivors  was  raised,  it  became  probable  that  the  mutants, 
being  on  the  whole  weaker  anyway,  had  had  their  ability  to  survive  more 
reduced  by  ultraviolet  than  the  nonmutants  had,  by  the  same  kind  of 
synergistic  action  of  genetic  and  phj^siological  detriments  as  has  been 
observed  elsewhere,  so  that  the  physiologically  restorative  treatment  pro- 
moted the  survival  of  a  higher  percentage  of  the  mutants  than  of  the 
normals.  This  would  allow  the  assumption  that  the  actual,  as  distin- 
guished from  the  observable,  mutation  frequency  had  continued  to  rise, 
perhaps  linearly,  with  increasing  dose. 

In  Drosophila  likewise  the  frequency  of  lethal  mutations,  after  a  pre- 
liminary rise  with  dose,  was  found  to  fall  off  rapidly  at  higher  doses  when 
spermatozoa  were  treated  (Sell-Beleites  and  Catsch,  1942)  and,  when 
germ  cells  in  embryonic  polar  caps  were  treated,  to  reach  a  maximum 
which  was  maintained  over  a  range  of  about  fivefold  as  the  dose  rose 
further,  but  which  may  at  last  have  undergone  a  recession  (Altenlnirg 
et  al.,  1949;  unpublished  data).  The  interpretation  proposed  for  the 
fungus  spores  is  inapplicable  in  these  experiments.  The  spermatozoa, 
containing  genes  which  are  dormant,  are  not  affected  in  their  survival 
power  or  fecundity  by  mutations  occurring  in  them,  and  the  pole  cells, 
being  diploid,  cannot  be  appreciably  affected  in  their  viability  or  multi- 


536  RADIATION   BIOLOGY 

plying  power  by  mutations  of  the  recessive  autosomal  type  studied  in  this 

work. 

However,  essentially  the  same  disturbance  is  at  work  here  as  in  the 
maize  pollen,  namely,  inequality  in  absorption  (and  conceivably,  in  this 
case,  in  sensitivity,  which  would  have  a  similar  effect).  The  sperma- 
tozoa in  different  portions  of  the  long  spiral  testes,  and  even  those  in 
different  individuals,  are  shielded  to  very  different  extents  by  the  over- 
lying layers,  and  the  polar  cells,  although  much  more  directly  exposed, 
are,  nevertheless,  unequally  illuminated  also,  especially  since  they  lie  in 
approximately  two  layers.  In  order  to  explain  the  findings  at  the  higher 
doses  on  this  basis  it  is  necessary,  in  addition,  to  take  into  consideration 
the  fact  (supported  by  considerable  evidence)  that  the  more  strongly 
illuminated  cells  (and  perhaps  the  more  mutagenically  sensitive  ones,  if 
there  are  generalized  differences  in  sensitivity  also)  undergo  more  physio- 
logical incapacitation.  Thus  those  with  more  mutations  would  tend  (but 
not  in  this  case  because  of  their  mutations)  to  be  selectively  eliminated  to 
an  increasing  extent  at  higher  doses.  This  still  would  not  explain  the 
actual  drop  in  rate  at  higher  doses  found  for  the  spermatozoa,  unless  the 
differences  in  illumination  and/or  sensitivity  were  more  or  less  discon- 
tinuous, giving  a  distribution  of  effects  which  was  bi-  or  poly  modal,  but 
this  situation  is  very  hkely  to  exist. 

It  does,  however,  seem  a  stretch  of  plausibility  to  suppose  that  the 
differences  in  illumination  and  sensitivity  of  even  the  pole  cells  are  great 
enough  and  varied  enough  in  amount  to  allow  an  approximate  maximum 
frequency  to  be  maintained  over  a  range  of  doses  whose  extremes  differ 
from  each  other  by  about  five  times,  as  was  found  in  some  of  the  work. 
It  is  therefore  probable  that  still  another  factor  is  operating  to  prevent 
the  mutation  frequency  from  rising  at  high  doses  or  to  cause  its  actual 
decline,  namely,  a  factor  which  tends  to  counteract  the  production  or 
completion  of  the  mutational  events.  This  possibility  would  to  some 
extent  correspond  with  Hollaender  and  Emmons's  (1941)  suggestion  that 
perhaps  the  soaking  of  the  fungus  spores  allowed  mutations  to  come  "to 
completion"  which  otherwise  would  not  have  done  so.  For  the  latter 
postulate  would,  when  followed  through,  imply  that,  without  the  soaking, 
a  considerable  proportion  (increasing  with  dose)  of  potentially  mutant 
cells  finally  become  normals,  whereas,  with  the  soaking,  fewer  of  them 
become  normals.  According  to  this  kind  of  interpretation,  something 
connected  with  the  ultraviolet  treatment  must  be  preventing  the  muta- 
tions from  becoming  effectuated,  and  this  effectuation  can  occur  a  long 
time  after  irradiation. 

It  is  noted  in  the  next  section  that  a  process  or  processes  of  repair  of 
ultraviolet  effects,  promoted  among  other  things  by  ultraviolet  itself,  does 
in  fact  exist.  It  was  postulated  by  Muller  (Muller,  1949 ;  Altenburg  et  al, 
1949;  see  also  Muller,  1952a,  c),  before  this  repair  had  been  shown  to 
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apply  to  mutagenesis,  that  this  process,  acting  against  mutagenesis  and 
perhaps  initiated,  in  part  at  least,  even  by  the  radiation  of  mutagenic 
wave  length,  might  play  an  important  part  in  the  decline  in  mutagenic 
efficiency  of  ultraviolet  with  increasing  dose.  Evidence  apparently  sup- 
porting this  idea  was  obtained  soon  afterward,  in  work  of  Haas  et  al. 
(1950)  on  Micrococcus  (  =  Staphylococcus)  aureus,,\vhich  proved  that  ultra- 
violet, when  acting  indirectly  through  the  medium,  does  at  higher  doses 
tend  to  destroy  or  inactivate  the  very  mutagenic  substances  which  it 
itself,  at  lower  doses,  has  produced.  Unfortunately,  however,  the  range 
of  wave  lengths  of  the  ultraviolet  used  in  these  particular  experiments  is 
not  stated  so  that  it  is  conceivable  that  only  ultraviolet  of  nonmutagenic 
activity  was  reparative. 

Because  of  the  decline  in  slope  of  the  frequency-dosage  curve  for  point 
mutations  produced  by  ultraviolet,  regardless  of  its  cause,  it  has  not  been 
possible,  in  the  experiments  discussed,  to  be  sure  that  the  primar}^  muta- 
tional events  bear  a  really  linear  relation  to  dose.  The  appearance  of  a 
straight-line  relation  at  the  lower  doses  might  merely  be  a  result  of  the 
curve  changing  from  concave  to  convex  in  this  rather  limited  dosage 
range.  That  is,  at  still  lower  doses,  for  which  it  is  difficult  to  obtain 
sufficiently  accurate  determinations  of  the  mutation  freciuency,  the  curve 
may  actually  be  rising  at  an  accelerating  rate  as  a  result  of  the  mutations 
being  two-  or  multihit  effects.  Certain  results  obtained  by  treatment  of 
Drosophila  pole  cells,  by  Altenburg,  Altenburg,  and  Baker  (1952)  strongly 
point  in  this  direction,  yet  the  data  do  not  seem  sufficiently  extensive, 
considering  the  experimental  and  statistical  deviations  to  which  this  type 
of  work  is  subject,  to  prove  the  point  definitely.  Data  published  by 
Swanson  (1952)  on  the  frequency  of  mutations  induced  by  ultraviolet  in 
Aspergillus  spores  also  show  a  concavely  rising  curve  at  low  doses. 

The  results  of  Novick  and  Szilard  (1949)  on  mutations  induced  by 
ultraviolet  in  Escherichia  coli,  which  give  no  evidence  of  change  in  the 
characteristics  of  the  curve  at  higher  doses,  show  a  frequency  which, 
throughout  the  rather  wide  range  of  doses  used,  varies  with  a  power  of 
the  dose  a  little  higher  than  2,  as  though  two  to  three  hits  were  usually 
necessary  for  a  mutation.  However,  it  might  be  postulated  that,  in  this 
material  in  which  genetic  analysis  by  crossing  is  excluded,  there  is  a 
diploid  condition  of  the  organisms,  necessitating  a  coincidence  of  two 
mutations,  one  in  each  allelic  locus,  or  that  a  combination  of  two  or  more 
mutations  at  different  loci  is  usually  necessary  for  the  given  observable 
effects.  Similarly,  in  a  "  histidineless "  stock  of  E.  coli,  which  has 
unusually  long  cells,  Kaplan  (1950b)  found  that  back  mutations  to 
histidine  independence  arise  with  a  frequency  dependent  on  a  power  of 
the  dose  higher  than  1.  This  corresponded  with  the  fact  that  the  rate 
of  killing  also  depended  on  a  high  power  of  the  dose  in  this  stock,  whereas 
in  his  stock  B,  having  smaller  cells,  the  killing  depended  on  the  first 
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power.     Here  also,  the  interpretation  in  terms  of  individual  genes  is  still 
uncertain. 

The  same  stricture  applied  to  the  so-called  lethal  "mutations"  (actu- 
ally, delayed  inactivations  of  unknown  basis)  produced  in  the  work  of 
McAulay  and  Ford  on  the  fungus  Chaetomium.  These  inactivating 
effects,  even  with  X  rays,  follow  approximately  the  fifth  power  of  the  dose 
(Ford  and  Kirwan,  1949),  whereas  with  ultraviolet  the  exponent  of  the 
dose  to  which  their  frequency  is  proportionate  is  approximately  the  square 
(McAulay,  Plomley,  and  Ford,  1945).  The  author  would  suggest  that 
the  lower  value  of  the  exponent  with  this  agent  is  in  part  a  resultant  of 
the  concomitant  reparative  action  of  the  ultraviolet.  At  any  rate,  the 
disagreement  of  even  the  X-ray  effect  with  that  obtained  for  individual 
gene  mutations  in  other  work  makes  the  corresponding  ultraviolet  results 
of  very  doubtful  significance  in  relation  to  mutations  in  individual  genes. 

On  the  other  hand,  in  Bacterium  prodigiosum  Kaplan  (1948b)  found 
that  the  frequency  of  mutations  (to  forms  with  retarded  colony  growth) 
was  proportional  to  the  first  power  of  the  dose,  i.e.,  the  relation  was  a 
simple  linear  one.  Whenever  such  differences  exist,  it  seems  probable 
that  the  simplest  relation  represents  the  fundamental  process  involved, 
in  this  case,  the  production  of  a  gene  mutation  at  an  individual  locus. 
Moreover,  it  seems  reasonable  to  infer,  by  analogy  with  the  simple  linear 
relation  to  ultraviolet  dose  even  at  low  doses  found  by  Swanson  (1940, 
1942)  for  simple  chromosome  breaks,  that  ultraviolet-induced  gene  muta- 
tions likewise  are  probably  single-hit  phenomena,  at  least  in  some  cases. 
This  conclusion  would,  however,  depend  on  the  condition  that,  within 
the  limits  of  the  dosage  experiment,  the  effect  was  independent  of  the 
timing  of  the  dose  and  was  carried  out  at  doses  low  enough  to  preclude  the 
reparative  action  of  ultraviolet  from  exerting  a  significant  amount  of 
effect.  Although  time  independence  was  not  proved  in  Swanson's  mate- 
rial, it  has  recently  been  found  by  Altenburg,  Bergendahl,  and  Altenburg 
(1952)  that  the  lethals  produced  in  Drosophila  pole  cells  are  independent 
of  the  time  and  intensity  of  the  ultraviolet  over  a  nineteenfold  range. 
Thus,  despite  the  existence  of  the  conflicting  evidence,  it  seems  likely 
that  both  chromosome  breaks  and  gene  mutations  can  in  some  cases  be 
produced  by  single  ultraviolet-induced  activations. 

Until  linearity  at  low  doses  is  established,  a  valid  comparison  cannot 
be  made  between  the  amount  of  absorbed  energy  required  to  produce  a 
point  mutation  by  ultraviolet  and  by  ionizing  radiation.  However,  if  a 
fundamentally  linear  relation  is  assumed  to  exist,  such  a  comparison  can 
be  made  by  using  the  values  found  in  the  rising  straight-line  portion  of 
the  ultraviolet  curve.  In  these  experiments  there  is  much  uncertainty 
in  regard  to  the  amount  of  ultraviolet  actually  reaching  and  absorbed  by 
the  chromosomes.  Despite  this,  a  calculation  made  by  Muller  (1952a)  on 
the  basis  of  results  already  published,  including  those  obtained  in  the 
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work  with  Droso-phila  polar  caps,  shows,  even  on  the  most  conservative 
estimates,  an  order  of  magnitude  several  times  as  high  (about  three  times) 
for  the  amount  of  ultraviolet  energy  which  must  be  absorbed  by  the  chro- 
mosomes, in  order  on  the  average  to  produce  one  mutation,  as  for  the 
amount  which  must  be  absorbed  by  them  when  X  rays  are  applied,  in 
order  to  produce  the  same  effect.  As  noted  later,  it  is  chiefly  the  ultra- 
violet absorbed  by  the  chromosomes  themselves  which  produces  the  muta- 
tions in  the  work  thus  far  carried  out  on  multicellular  organisms;  hence  it 
is  appropriate  to  limit  in  this  way  the  reckoning  for  ultraviolet  mutations 
induced  in  the  polar  caps.  Moreover,  a  similar  limitation  may  without 
much  error  be  made  for  the  X-ray  results,  as  shown  by  the  prevailing 
spatial  restriction  of  the  efi'ect  in  Drosophila,  discussed  on  pp.  518-525. 

On  the  basis  of  this  result,  it  can  be  concluded  that  the  X-ray  activa- 
tions are  inordinately  more  effective,  even  for  a  given  total  amount  of 
energy,  than  the  ultraviolet  activations.  This  corresponds  with  results 
obtained  by  various  investigators  for  the  relative  efficiencies  of  these 
agents  in  inactivating  bacteria,  viruses,  and  enzymes.  Since  X  rays  dis- 
tribute only  about  half  their  energy  in  the  form  of  mere  excitations  (not 
counting  excitations  which  result  secondarily,  from  degradation  of  ioniza- 
tions), it  would  seem  at  first  sight  to  follow  that,  when  ionizing  radiation 
is  used,  a  far  greater  role  in  mutagenesis  must  be  played  by  the  ioniza- 
tions than  by  the  atomic  changes  which  originated  as  excitations.  It 
must  be  borne  in  mind,  however,  that  the  excitations  produced  by  ion- 
izing radiation  and  by  ultraviolet  are,  on  the  whole,  of  different  types, 
the  ultraviolet  being  more  selective,  and  so  it  is  conceivable,  even  if  not 
very  likely,  that  some  of  the  former  excitations  are  much  more  efficient  in 
mutagenesis  than  the  latter.  Moreover,  if  two  or  more  ultraviolet  exci- 
tations do  cooperate  in  causing  mutations,  then  the  crowding  of  excita- 
tions occurring  in  the  tracks  of  ionizing  particles,  by  giving  a  local  density 
of  them  corresponding  to  an  extremely  high  dose  of  ultraviolet,  would 
cause  the  X-ray-induced  excitations  (both  the  original  ones  and  those 
resulting  from  the  degradation  of  ionizations)  to  be  much  more  efficient 
mutagenically  than  an  equal  number  of  the  more  scattered  ultraviolet- 
induced  excitations.  For  these  reasons  the  ultraviolet  comparison  does 
not  yet  definitely  allow  the  conclusion  that,  when  ionizing  radiation  is 
used,  the  excitations  have  a  far  less  important  role  in  mutagenesis  than 
the  ionizations. 

At  the  same  time,  if  it  is  admitted  that  only  one  or  even  two  of  these 
inefficient  ultraviolet  activations  can,  on  occasion,  break  a  chromosome 
or  cause  a  point  mutation,  it  would  seem  quite  unnecessary  to  require 
two  or  more  ionizations,  working  in  cooperation,  to  produce  an  equivalent 
effect.  It  would  thereby  become  probable  that,  at  least  with  ionizing 
radiation,  the  ionizations  act  individually  rather  than  as  either  small  or 
large  clusters  in  producing  breaks  and  mutations.     This  agrees  with  the 
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conclusion  previously  arrived  at  from  a  comparison  between  the  effects  of 
neutrons  and  those  from  X  and  7  rays. 

That  all  or  by  far  the  greater  part  of  the  mutagenic  effect  of  ultraviolet 
in  most  of  the  algal,  fungal,  and  higher  plant  material  studied  is  caused  by 
activations  arising  in  the  chromatin  itself  is  shown  by  the  rather  close 
agreement  between  the  curve  showing  the  relative  amounts  of  absorption 
of  different  wave  lengths  of  ultraviolet  by  nucleic  acid,  i.e.,  the  absorption 
spectrum  for  this  substance,  and  that  showing  the  relative  amounts  of 
effect  of  different,  nearly  monochromatic  wave  lengths  in  producing  muta- 
tions, i.e.,  the  action  spectrum.  Indications  of  the  mutational  action 
spectrum  had  first  been  obtained  by  Noethling  and  Stubbe  (1934,  1936; 
Stubbe  and  Noethling,  1936)  for  Antirrhinum  pollen  and  by  Stadler  and 
Sprague  (1936)  for  maize  pollen.  Detailed  action  spectra  were  later 
obtained  for  Sphaerocarpus  spermatozoids  by  Knapp  and  co-Avorkers 
(Knapp,  1938;  Knapp  et  al.,  1939;  Knapp  and  Schreiber,  1939),  for 
Trichophyton  spores  by  Hollaender  and  co-workers  (Hollaender,  1939; 
Hollaender  and  Emmons,  1941;  Hollaender,  Raper,  and  Coghill,  1945), 
and  for  maize  pollen  by  Stadler  and  co-workers  (Stadler,  1939,  1941; 
Stadler  and  Uber,  1942).  In  all  these  studies  a  fairly  close  agreement 
was  found  between  the  mutagenic  action  spectrum,  on  the  one  hand,  and 
the  nucleic  acid  absorption  spectrum,  on  the  other.  This  nucleic  acid 
absorption  spectrum,  in  its  turn,  depends  mainly  on  absorption  by  its 
contained  purines  and  pyrimidines.  For  Drosophila  spermatozoa,  where 
absorption  by  the  body  wall  obscures  the  picture,  it  has  been  found  that, 
although  ultraviolet  of  3100  A  is  still  mutagenic,  wave  lengths  of  3300  A 
or  more  have  no  appreciable  effect  (Reuss,  1938;  Mackenzie  and  Muller, 
1940;  Mackenzie,  1941  ;Demerec,  Hollaender,  e^aZ.,  1941).  For  Drosophila 
pole  cells,  2537  A  appears  to  be  about  ten  times  as  effective  as  radiation 
between  2900  and  3200  A,  as  would  be  expected  on  the  basis  of  the  nucleic 
acid  absorption  spectrum  (data  of  Meyer  and  Muller;  see  Muller,  1952c). 

The  fairly  good  fit  of  the  action  spectrum  to  the  absorption  spectrum 
in  the  material  referred  to  does  not,  however,  justify  the  inference  that 
activations  produced  by  ultraviolet  in  the  chromosomal  nucleic  acid  are 
more  efficient  mutagenically  than  those  produced  elsewhere ;  for,  with  the 
wave  lengths  used,  in  the  given  material,  much  the  greater  part  of  the 
absorption  in  the  nucleus  (and,  in  some  of  the  material  used,  in  the  whole 
cell)  is  in  fact  by  this  very  component.  Hence,  if  activations  at  this 
site  were  of  only  average  efficiency,  they  might,  nevertheless,  play  the 
predominant  role  in  mutagenesis.  For  this  reason  alone  the  absorption 
spectrum  representing  them  would  tend  to  correspond  with  the  action 
spectrum  of  mutagenesis.  That  activations  in  other  substances  also  can 
cause  mutations  is  indicated  by  more  detailed  consideration  of  the  action 
spectra  obtained  l)y  Hollaender  and  co-workers  (Hollaender,  1939;  Hol- 
laender  and   Emmons,    1941;  Hollaender,   Raper,   and   Coghill,    1945). 
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These  spectra  based  on  fungus-spore  results  include  data  for  shorter  wave 
lengths  than  those  obtained  in  other  material,  and  they  consistently  show 
a  minor  peak  of  efficiency  which  lies  considerably  to  the  left  (i.e.,  in  the 
direction  of  shorter  wave  lengths)  of  the  major  peak,  that  for  nucleic  acid 
absorption.  This  minor  peak  probably  represents  mutagenic  activations 
arising  in  protein.  Actually,  the  protein  absorption  curve  continues  to 
rise  to  the  left  for  ever  shorter  wave  lengths,  rather  than  falling  again  as 
the  mutational  action  spectrum  does,  but  this  apparent  discrepancy  is 
doubtless  caused  by  the  extremely  short  radiation  becoming  so  much 
absorbed  in  the  superficial  layers  of  the  spores  that  very  little  of  it  comes 
within  effective  range  of  the  genetic  material. 

Moreover,  in  work  of  McAulay  and  Ford  (1947)  on  the  irradiation  of 
Chaetomium  spores  the  action  spectrum  for  the  production  of  most  types 
of  morphological  "  saltants  "  by  ultraviolet  was  found  to  correspond  with  a 
part  of  the  absorption  spectrum  of  protein  rather  than  with  that  of 
nucleic  acid.  The  peak  efficiency  was  found  to  lie  at  about  2800  A  (as  if 
dependent  on  amino  acid  residues  having  cyclic  R  groups)  instead  of  at 
about  2650  A.  Although  the  reason  for  the  difference  between  this  result 
and  that  on  the  previously  cited  material  is  not  known,  it  must  be  inferred 
either  that  in  these  spores  the  activations  in  the  protein  are,  relatively  to 
those  in  the  nucleic  acid,  more  mutagenically  efficient  than  in  the  other 
material  studied,  for  chemical  reasons,  or  that  there  is  relatively  more 
protein  present  in  them  in  such  a  highly  localized  position  as  to  absorb 
much  of  the  ultraviolet  which  would  otherwise  have  reached  the  nucleic 
acid  and  that  quanta  absorbed  in  this  protein  can  affect  (indirectly  or 
directly)  the  structure  of  the  genetic  material.  At  any  rate,  this  adds 
to  the  evidence  that  the  mutagenic  pathway  of  ultraviolet  may  follow 
alternative  routes,  at  least  over  a  part  of  its  course. 

In  Chaetomium,  even  wave  lengths  longer  than  3200  A,  right  up  into 
the  visible,  were  found  to  have  some  slight  capacity  for  producing  mor- 
phological saltants.  The  saltant-production  efficiency  fell  oiT  at  3656  and 
4047  A  to  only  about  3^^00  0  and  ^  15,000,  respectively,  of  what  it  had 
been  at  its  peak.  Yet,  because  of  the  exceedingly  low  damaging  effect 
it  was  possible  to  step  up  the  energy  delivered  at  these  wave  lengths  so 
much  as  to  obtain  a  pronounced  production  of  abnormal  colonies. 

Although  wave  lengths  longer  than  3200  A  have  in  most  other  work 
been  reported  to  be  nonmutagenic,  it  has  been  found  that  they  can  be 
rendered  mutagenic  by  means  of  the  photodynamic  action  of  fluorescent 
substances.  Doring  (1938)  had  obtained  an  apparent  increase  in  the  fre- 
quency of  mutations  in  Neurospora  by  means  of  visible  light  when  the 
organisms  had  been  stained  with  eosin,  but  the  results  were  of  doubt- 
ful statistical  significance.  Stubbe  (1940)  reported  that  visible  light 
increases  the  mutation  rate  in  eosin-impregnated  Antirrhinum.  Kaplan 
(1948a,  1949a,  b,  1950a)  ()l)tained  definite  evidence  that,  in  Bacterium 
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prodigiosum,  mutations  resulting  in  stunted  colonies  are  produced  by  the 
action  of  visible  light  on  organisms  stained  with  erythrosine. 

Contrary  to  the  one-hit  frequency-dosage  curve  which  Kaplan  (1948b) 
had  found  for  ultraviolet  with  Bacterium  prodigiosuni,  that  for  visible 
light  was  found  to  be  a  two-hit  curve,  the  induced  frequency  being 
proportional  to  the  square  of  the  dose.  Since  at  the  same  time  the  muta- 
tion frequency  was  largely  independent  of  timing  and  (for  lower  concen- 
trations) linearly  proportional  to  the  erythrosine  concentration,  Kaplan 
concluded  that  the  mutations  are  caused  by  the  accumulation  of  two 
quanta  on  the  same  individual  dye  molecule  and  that  the  effects  of  any 
given  quantum  absorption  are  retained  for  more  than  6  hours.  It  was 
inferred  that  the  reason  two  quanta  are  needed  is  because  of  the  relatively 
low  energy  of  the  visible  light  here  in  question,  about  2  ev,  w^hereas  each 
effective  ultraviolet  quantum  contains  from  5  to  6  ev.  In  addition,  he 
found  that  at  exceedingly  high  concentrations,  erythrosine  has  a  mutagenic 
effect  even  in  the  absence  of  light.  In  similar  work  with  fiuorescein- 
stained  E.  coli  of  a  special  histidineless  stock,  Kaplan  (1950a)  found  the 
frequency  of  the  mutations  under  observation  (back  mutations  to  histi- 
dine  independence)  to  follow  a  multihit  curve  similar  to  that  found  with 
ultraviolet  in  this  stock  (see  p.  537).  In  Drosophila,  Liiers  and  Borch- 
ert  (1949)  have  reported  evidence,  as  yet  inconclusive,  indicating  that 
visible  light  produces  mutations  in  flies  which  contain  acridine  orange. 

The  results  with  visible  light  must  involve  a  kind  of  transfer  of  energy, 
or  reaction  chain,  leading  from  the  material  in  which  the  original  absorp- 
tion and  activation  occurred  to  the  genetic  material  which  undergoes  the 
mutation.  This  in  itself  suggests  that  with  ultraviolet  also  such  a  trans- 
mission of  effects  may  take  place.  This  subject  is  considered  on  p. 
550.  In  the  meantime  it  may  be  noted  that,  if  such  a  transmission 
exists,  then  the  mere  fact  that  nucleic  acid  usually  happens  to  be  the  main 
site  of  absorption  of  ultraviolet  does  not  carry  with  it  the  implication  that 
an  activation  occurring  in  this  substance  is  more  likely  to  be  mutagenic 
than  an  activation  produced  in  some  other  material.  This  consideration 
in  turn  supports  the  view  (see  p.  539)  that,  contrary  to  the  contention 
of  some  authors  (e.g.,  Lea,  1946),  the  mutagenic  efficiency  of  X-ray- 
induced  excitations  cannot  safely  be  estimated  on  the  basis  of  data  con- 
cerning those  induced  by  ultraviolet. 

12.  REPAIR  AND  ENHANCEMENT  IN  ULTRAVIOLET  MUTAGENESIS 

In  connection  with  the  dosage  studies  mention  has  been  made  of  the 
possible  existence  of  a  reparative  process,  which  tends  to  prevent 
potentially  mutagenic  effects  of  ultraviolet  from  proceeding  to  effectuate 
permanent  point  mutations.  The  first  convincing  evidence  of  such  a 
process  was  obtained  in  studies  concerned  with  the  possible  influence  of 
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nonmutagenic  light  (short  visible  and  long  ultraviolet)  on  the  effective- 
ness of  ultraviolet.  Several  years  after  certain  similar  observations  had 
been  made  along  these  lines  by  Hollaender  (personal  communication)  on 
the  survival  of  fungi  and  by  Whitaker  (1942)  on  that  of  Fucus  spores,  it 
was  noticed  independently  by  Kelner  (1949,  1950,  1952),  Dulbecco  (1949, 
1950),  and  Novick  and  Szilard  (1949)  that  Streptomyces,  bacteriophage, 
and  E.  coli,  respectively,  after  having  been  irradiated  with  ultraviolet, 
have  their  survival  frequency  considerably  raised  by  a  posttreatment 
with  longer  ultraviolet  or  visible  light,  a  phenomenon  referred  to  by  them 
as  "reactivation"  because  of  its  effect  on  the  activity  (survival)  of  the 
organisms.  Although  in  connection  with  mutation  (to  which  it  was  later 
found  to  apply)  it  might  more  appropriately  have  been  termed  "deactiva- 
tion," there  would  be  confusion  in  introducing  so  opposite  an  expression 
at  this  time,  and  the  phenomenon  will  accordingly  be  referred  to,  without 
commitment  concerning  its  nature,  merely  as  "repair."  Of  course,  this 
term  is  not  intended  to  indicate  that  it  is  the  final  end  effect  which 
becomes  repaired  but  that  some  intermediate  step  of  the  reaction  chain  is 
interfered  with. 

It  was  shown  by  Kelner  and  by  Novick  and  Szilard  that  a  given  dose  of 
such  light,  in  largely  time-independent  fashion,  has  the  effect  of  prevent- 
ing or  repairing  a  constant  proportion  of  a  given  part  p  (the  repairable 
part)  of  the  potential  ultraviolet  damage  to  life.  The  remainder  of  the 
damage  q  {=  1  —  p)  is  a  fixed  irreversible  fraction.  Thus,  regardless  of 
the  dose  of  damaging  ultraviolet  used,  a  given  dose  of  the  longer-wave 
light  used  as  a  posttreatment  causes  the  damaging  ultraviolet  to  act  as  if 
there  had  been  the  same  factorial  reduction  of  its  own  dose,  that  is,  the 
ratio  of  the  effective  dose  of  damaging  ultraviolet  to  the  actual  dose 
is  the  same  for  all  doses  used,  provided  the  dose  of  reparative  light  is  held 
constant.  For  increasing  doses  of  the  reparative  light,  the  damage  sinks 
as  though  the  repairable  fraction  of  it  (p)  had  been  subjected  to  an 
exponential  decrease  in  effect.  That  is,  if  a  reparative  dose  d  reduced  the 
repairable  part  of  the  damage  to  a  fraction  dp,  a  reparative  dose  2d  would 
reduce  it  to  d'^p,  and,  as  the  reparative  dose  continued  to  increase,  the 
product  5"p,  representing  the  remaining  repairable  damage,  would 
approach  zero,  so  that  the  observed  damage  would  approach  a  stable 
value  q  (the  part  which  was  not  repairable).  In  the  work  on  E.  coli  the 
repairable  fraction  p  was  about  two-thirds,  i.e.,  at  least  one-third  of  the 
effect  remained,  regardless  of  how  large  a  reparative  dose  was  applied. 

This  distinctive  manner  of  change  of  the  amount  of  effect  with  the  dose 
of  reparative  light  shows  that  the  original  elements  (activations)  of  the 
reparative  light  act  independently  of  one  another  in  the  prevention  of  the 
damage.  A  further  significant  discovery  regarding  the  nature  of  the 
effect,  made  by  Novick  and  Szilard  (1949),  was  that  the  reparative  process 
is  temperature  dependent,  proceeding  more  rapidly  and  being  carried 
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correspondingly  further  when  higher  temperatures  exist  during  the 
period  of  apphcation  of  the  reparative  hght.  However,  p,  the  size  of  the 
fraction  which  is  subject  to  repair,  is  not  altered  thereby.  In  Strepto- 
myces,  Kelner  (1952)  found  that  the  speed  of  the  reaction  is  raised  about 
three  times  for  each  rise  of  10°  between  20°  and  40°C  (i.e.,  Qio  =  3),  a 
value  similar  to  that  found  in  the  case  of  most  ordinary  chemical  reac- 
tions. He  also  found  that  the  repair  of  ultraviolet  inactivation  by  light 
occurs  even  in  dry  spores  of  Streptomyces  and  therefore  takes  place  within 
the  cell.  On  the  other  hand,  Hill  and  Rossi  (1952)  found  such  repair 
impossible  in  bacteriophage  when  the  damaging  irradiation  of  them  had 
been  carried  out  in  the  dry  state.  Hence  certain  conditions  can  alter  the 
ratio  of  p  to  q. 

The  action  spectrum  of  the  reparative  light  was  found  by  Kelner  to  be 
different  for  different  species  of  microorganisms,  and  it  appeared  for  one 
species  studied  to  correspond  approximately  with  the  absorption  spectrum 
of  cytochrome  oxidase.  This  finding  is  of  special  interest  in  view  of  the 
fact  that  the  activity  of  cytochrome  oxidase  is  under  certain  conditions 
furthered  by  light  (as  shown  by  activation  of  this  enzyme  by  light  after 
it  has  been  inactivated  by  carbon  monoxide).  Since  the  activity  of  this 
and  related  enzymes  such  as  catalase  tends  to  reduce  the  amount  of 
oxygen,  hydrogen  peroxide,  and  their  active  derivates  (e.g.,  OH)  present 
in  the  cell,  it  is  evident  that,  in  so  far  as  ultraviolet  produces  its  damage 
via  the  production  of  the  latter  substances  (see  Sect.  13),  the  visible  light, 
if  it  furthered  the  activity  of  these  enzymes,  would  tend  to  counteract  the 
damaging  action  of  the  ultraviolet.  In  line  with  this,  the  recent  observa- 
tion of  Latarjet  (cited  by  Howard,  1950)  should  also  be  noted,  that  in  a 
strain  of  E.  coli  the  administration  of  catalase  to  the  cells  greatly 
increases  the  reparative  effect  of  visible  light  on  ultraviolet  inactivation. 

For  the  bacteriophages  studied,  which  do  not  seem  to  contain  such 
enzymes,  reparative  light  is  effective  only  after  the  phage  has  become 
attached  to  the  bacterium  (Dulbecco,  1949,  1950).  However,  it  has 
been  found  in  the  work  of  Haas  et  al.  (1950)  that  light  can  under  certain 
circumstances  have  some  reparative  influence  even  in  the  absence  of  any 
enzymes  or  coenzymes;  for  both  the  killing  and  the  mutagenic  effects  of 
ultraviolet-treated  medium  (pp.  548-552)  were  reduced  by  visible  illumi- 
nation of  the  medium  itself,  subsequently  to  the  ultraviolet  irradiation 
and  prior  to  immersal  of  the  bacteria  in  it.  This  result  was  obtained  not 
only  with  nutrient  broth  but  also  with  a  synthetic  medium  (Gladstone's) 
containing  only  certain  amino  acids,  vitamins,  and  minerals.  They  sug- 
gest, in  agreement  with  their  other  findings,  that  the  result  may  be  due  to 
a  destruction  of  unstable  molecules  such  as  peroxides  by  the  visible  light, 
a  process  which  could  take  place,  although  much  more  slowly,  even  in  the 
absence  of  catalysts. 

The  reparative  action  of  light  on  ultraviolet  damage  was  first  extended 
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to  mutations  by  Novick  and  Szilard  (1949),  working  on  E.  coli.  It  was 
shown  that  the  reparative  effect  for  mutations  closely  paralleled  that  for 
the  killing  action  (inactivation)  in  all  features  studied,  as  though  a  com- 
mon process  or  substance,  of  mutagenic  potentialities  and  on  which  both 
results  depended,  had  been  affected.  Since  the  time  required  for  the 
possibility  of  repair  to  fade  away  extended  over  more  than  an  hour  (i.e., 
since  at  an  interval  of  an  hour  after  application  of  the  mutagenic  light, 
some  repair  could  still  be  effected),  it  became  evident  that  some  of  the 
mutations  had  not  yet  been  effectuated,  or  at  least  completed,  before  a 
period  of  this  order  had  elapsed.  It  is  possible  that  some  mutations  may 
occur  much  later,  but,  if  so,  these  would  no  longer  be  susceptible  to  the 
reparative  influence. 

The  reparative  effect  of  long  ultraviolet  and/or  visible  light  in  the 
production  of  mutations  by  mutagenic  ultraviolet  has  been  confirmed  in 
E.  coli  by  Newcombe  (1950)  and  has  been  extended  to  various  other 
organisms,  including  Paramecium  (Kimball  and  Gaither,  1949),  Micro- 
coccus (Haas  et  al.,  1950),  Neurospora  (Goodgal,  1950),  and  Drosophila 
(Meyer,  1951;  Altenburg  and  Altenburg,  1952).  In  all  these  organisms 
the  effects  on  cell  survival  paralleled  in  a  general  way  those  on  mutagene- 
sis, as  though  a  stage  antecedent  to  and  common  to  both  had  been 
affected.  In  some  of  the  organisms  the  repairable  portion  p  of  the  effects 
of  the  mutagenic  light  was  much  higher  than  in  the  bacteria  studied. 
Thus,  in  Drosophila  pole  cells,  it  was  possible  to  prevent  about  75  per  cent 
of  the  total  mutational  effect  and  in  Neurospora,  95  per  cent.  Of  course, 
this  could  be  made  evident  only  at  lower  doses,  at  which  the  frequency- 
dosage  curve  was  sharply  rising. 

It  is  possible,  as  already  noted  on  pp.  536  537,  that  in  some  of  the 
organisms  studied  even  the  mutagenic  ultraviolet,  over  at  least  a  part  of 
its  range,  exerts  a  significant  amount  of  reparative  effect  in  addition  to  its 
directly  mutagenic  effect.  It  is  true  that,  with  the  phage  studied,  repair 
was  found  to  be  practically  absent  at  wave  lengths  approaching  the  muta- 
genic ones  in  shortness  and  that  with  E.  coli  the  constancy  of  the  effect- 
dosage  relation  over  a  considerable  range  of  dosages  virtually  precluded 
the  possibility  of  a  reparative  effect  by  ultraviolet  of  the  wave  length 
employed;  but,  since  different  microorganisms  have  been  discovered  to 
have  different  action  spectra  for  repair,  it  may  well  be  that  in  other  forms 
the  repair  spectrum  does  overlap  that  of  mutagenesis.  It  would  be  diffi- 
cult to  test  for  this  because  of  the  superposition  of  the  two  effects.  How- 
ever, their  simultaneous  existence  would  help  to  explain  why,  in  so  much 
of  the  material  thus  far  studied,  the  ultraviolet  mutation  frequency 
reaches  a  ceiling  or  a  peak  followed  by  a  decline,  where  factors  of  irregular 
illumination,  sensitivity,  and  selection  seem  insufficient  to  furnish  a  com- 
plete explanation  of  the  extent  of  the  drop  in  efficiency.  In  addition  to 
the  possibility  of  repair  by  the  mutagenic  ultraviolet  itself,  there  is  the 
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consideration  that  in  some  of  the  work,  done  before  the  reparative 
effect  was  known,  the  ultraviolet  treatment  was  probably  accompanied 
by  enough  light  of  longer  wave  lengths  to  cause  some  of  the  falling  off  of 
the  slope  of  the  frequency-dosage  curve  that  was  observed  at  the  higher 

doses. 

The  temperature  coefficient  of  the  reparative  process,  being  like  that 
for  ordinary  chemical  changes,  suggests  that  the  process  might  be  influ- 
enced or  even  imitated  by  chemical  changes  other  than  those  dependent 
on  light.  That  this  is  the  case  has  been  shown  by  independent  studies  on 
ultraviolet  mutagenesis  in  Aspergillus  by  Swanson  and  Goodgal  (1950) 
and  in  Drosophila  pole  cells  by  Meyer  and  Muller  (1952)  and  Edmondson 
and  Meyer  (1952)  and  on  survival  in  E.  coli  by  Hollaender  (cited  by 

Howard,  1950). 

In  the  studies  on  Aspergillus  it  was  found  that,  when  dinitrophenol  is 
applied  either  before  or  after  irradiation  with  ultraviolet,  there  is  a  con- 
siderably higher  mutation  frequency  than  without  it.  Since  this  sub- 
stance, although  promoting  some  oxidations,  retards  those  metabolic 
processes  on  which  the  rate  of  development  depends,  it  is  conceivable  that 
a  reparative  action  on  ultraviolet  mutagenesis  which  was  regularly 
exerted  (even  in  the  absence  of  reparative  light)  might  under  the  influ- 
ence of  dinitrophenol  be  rendered  less  active.  In  this  case  the  effect  was 
reported  not  to  be  paralleled  by  one  on  survival,  but,  since  it  could  be 
demonstrated  only  at  low  doses  of  ultraviolet,  where  the  curve  was  rising, 
not  so  much  effect  on  survival  would  be  expected  anyway.  Potassium 
cyanide,  also  a  metabolic  inhibitor,  but  through  a  different  pathway,  was 
found  to  have  no  such  effect  in  Aspergillus  (although,  as  will  be  noted  in 
Sect.  13,  cyanide  by  itself  causes  a  marked  rise  in  the  mutation  rate  in 
Neurospora) . 

In  the  studies  on  Drosophila  it  was  found  that,  even  in  the  absence  of 
significant  amounts  of  reparative  light,  the  presence  of  oxygen,  as 
opposed  to  nitrogen,  during  the  ultraviolet  irradiation  (posttreatments 
of  this  kind  having  not  yet  been  tested)  resulted  in  a  considerable  rediic- 
tion  in  the  induced-mutation  frequency.  Second,  the  temperature  after 
irradiation  exerted  an  influence  also,  even  without  light,  in  the  same  direc- 
tion as  it  had  been  found  to  do  with  light  in  the  "  photoreactivation  "  of 
microorganisms,  i.e.,  there  was  more  repair  at  higher  temperatures. 
Similarly,  in  HoUaender's  recent  work  with  E.  coli  it  was  found  that  heat, 
even  in  the  absence  of  hght,  tends  to  reduce  the  damage  to  survival  caused 
by  a  previous  ultraviolet  treatment. 

In  all  these  cases  it  seems  most  likely  that  some  interference  with 
normal  metabolic  processes  blocks  a  reparative  action,  on  the  products 
of  ultraviolet,  which  ordinarily  occurs  even  without  light.  However,  it' 
would  be  equally  permissible,  from  a  purely  descriptive  point  of  view,  to 
refer  to  the  results  as  showing  that  there  is  an  enhancement  of  the  muta- 
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genie  potency  of  the  products  of  ultraviolet  by  dinitrophenol,  anoxia,  and 
cold,  respectively.  Since  in  the  work  with  Drosophila  there  was  an 
interval  of  about  7  minutes  between  the  end  of  irradiation  and  the 
beginning  of  the  temperature  treatment,  the  temperature-susceptible  pre- 
mutational  stage  in  this  organism  must  have  lasted  at  least  as  long  as 
this. 

Another  condition  which  has  been  found  to  cause  distinct  enhancement 
(again  using  the  term  only  descriptively)  of  the  ultraviolet-induced- 
mutation  frequency  is  pretreatment  with  the  mutagen  nitrogen  mustard, 
in  concentrations  which  alone  are  only  slightly  mutagenic,  as  shown  by 
Swanson  and  Goodgal  (1947;  also  Swanson,  1952)  for  Aspergillus  and  by 
Swanson,  McElroy,  and  Miller  (1949)  for  Neurospora.  With  Neurospora 
it  was  found  that  with  a  mustard  pretreatment  the  frequency  of  muta- 
tions of  a  morphological  type  was  not  only  enhanced  at  doses  in  the  rising 
portion  of  the  ultraviolet  dosage  curve  but  was  also  able  to  attain  a  corre- 
spondingly higher  peak,  whereas  mutations  to  biochemical  inadequacies 
were  so  enhanced  that  no  peak  level  appeared  to  be  attained.  This 
difference  may  be  interpreted  on  the  supposition  that  the  complete 
medium  used  protected  the  biochemical  mutants  better  than  the  morpho- 
logical ones  frorli  adverse  selection.  An  examination  of  the  data  shows 
that,  in  the  Neurospora  work,  the  mustard,  in  the  amount  used,  caused 
an  approximate  doubling  of  the  spontaneous-mutation  rate  (i.e.,  of  that 
obtained  without  ultraviolet)  and  somewhat  less  than  a  doubling  of  that 
obtained  with  ultraviolet.  It  is  therefore  conceivable  that  the  mustard 
in  both  cases  acted  in  essentially  the  same  way,  by  hindering  the  destruc- 
tion or  increasing  the  availability  or  potency  of  mutagenic  materials  which 
were  being  formed  spontaneously  or  by  ultraviolet,  as  the  case  might  be. 
If  this  is  the  case,  it  might  further  be  inferred  that  the  mutagenic  mate- 
rials here  are  of  a  similar  kind,  no  matter  whether  formed  spontaneously 
or  by  ultraviolet. 

Similarly,  Jensen  et  al.  (1952)  report  that,  when  Neurospora  spores  are 
treated  with  the  mutagen  diazomethane  and  are  at  the  same  time  irradi- 
ated with  ultraviolet,  there  is  a  marked  synergism  in  the  effects.  Here 
too  the  data  given,  when  examined  with  reference  to  this  point,  would 
suggest  that  the  mutation  frequency  produced  by  the  combination  treat- 
ment is  approximately  that  to  be  expected  from  a  dose  which  was  the 
product  rather  than  the  sum  of  either  dose  alone  (if  the  probable  con- 
vexity of  the  dosage  curve  is  taken  into  account  at  the  same  time). 
With  the  conditional  mutagen  formaldehyde  also,  these  investigators 
report  an  enhancement  of  mutagenesis  when  ultraviolet  (or  hydrogen 
peroxide)  is  applied,  but  in  this  case  the  interaction  is  of  a  different  kind 
and  can  apparently  take  place  outside  the  cell  (see  pp.  548-552). 

The  more  general  conclusion  to  be  derived  from  all  these  results, 
namely,  that  there  is  in  ultraviolet  mutagenesis  a  premutational  stage  or 
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pathway  which  is  of  considerable  duration  and  which  is  susceptible  to 
being  influenced  and  studied  by  chemical  means,  was  not  in  itself  a  new 
one ;  for  this  had  already  been  made  clear  by  entirely  different  means  in  a 
remarkable  series  of  studies  carried  out  by  Stone  and  Wyss  and  their 
co-workers,  beginning  in  1947. 

13.  MUTAGENESIS  BY  ULTRAVIOLET  TREATMENT  OF  THE  MEDIUM 

The  crucial  discovery  in  these  studies  (Stone,  Wyss,  and  Haas,  1947) 
consisted  in  the  finding  that  ultraviolet  irradiation  of  the  culture  medium 
prior  to  immersion  of  the  organisms  in  it  resulted  in  a  manyf  old  increase  in 
the  frequency  of  mutants.  This  effect,  obtained  first  with  Staphylococcus 
aureus  {Micrococcus  pyogenes),  was  later  extended  to  E.  coli  (Haas  et  al, 
1950)  and  to  Neurospora  (Wagner  et  al,  1950).  It  was  shown  not  to  be 
caused  by  a  selection  favoring  the  surAdval  or  growth  of  the  given  mutants 
but  by  an  actual  production  of  mutations  (Stone,  Wyss,  and  Haas,  1947; 
Stone  et  al. ,  1948) .  Pretreatment  of  the  medium  with  a  mustard  mutagen 
was  likewise  shown  to  cause  mutations  in  organisms  (Staphylococcus)  later 
inoculated  into  the  medium  (Wyss,  Stone,  and  Clark,  1947).  In  these 
cases,  then,  the  mutagenic  pathway  leading  from  the  atomic  activation 
or  other  primary  chemical  change  to  the  gene  mutation  is  by  no  means 
spatially  restricted.  Moreover,  it  also  has  a  considerable  latitude  in 
time  since  the  decay  of  mutagenic  activity  of  the  treated  medium  occupies 
an  interval  of  the  order  of  hours.  The  rate  of  decay  proved  to  be  tem- 
perature dependent,  like  an  ordinary  chemical  reaction  (Stone,  Wyss,  and 
Haas,  1947). 

In  a  chemical  attack  on  the  processes  involved,  it  was  shown  (Stone, 
Wyss,  and  Haas,  1947)  that  the  effect  could  be  produced  by  irradiation  of 
a  solution  of  only  the  amino  acid  constituents  of  the  m.edium  but  not  by 
irradiation  of  a  solution  of  only  the  mineral  constituents.  It  was  then 
found  that  amino  acids  could  be  caused  to  become  mutagenic  by  treat- 
ment with  hydrogen  peroxide  instead  of  with  ultraviolet  (Wyss,  Stone, 
and  Clark,  1947).  That  this  was  the  clue  to  the  ultraviolet  influence  on 
the  medium  was  apparent  from  the  finding  that  the  amount  of  mutational, 
as  well  as  of  destructive,  action  of  the  irradiated  medium  was  approxi- 
mately proportional  to  the  amount  of  hydrogen  peroxide  which  had 
originally  been  produced  in  the  medium,  as  measured  by  the  rate  of 
production  of  hydrogen  peroxide  in  ultraviolet-irradiated  water  (Wyss 
et  al,  1948).  Nevertheless,  most  of  the  hydrogen  peroxide  itself  had 
apparently  disappeared  before  inoculation  (although  these  tests  may  have 
been  somewhat  influenced  by  the  organic  substances  present) .  However, 
even  in  cases  in  which  all  the  hydrogen  peroxide  seemed  to  have  vanished, 
the  activity  of  the  irradiated  medium  was  by  no  means  abolished. 

That  the  active  medium  still  contained  peroxides,  quantitatively  equiv- 
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alent  to  the  hydrogen  peroxide  which  had  been  produced,  but  now  prob- 
ably in  organic  form,  was  demonstrated  by  the  amount  of  evohition  of 
oxygen  brought  about  by  the  addition  of  catalase.  At  the  same  time, 
this  degradation  of  the  peroxide  by  catalase,  whether  carried  out  on  a 
medium  which  had  been  treated  with  hydrogen  peroxide  or  on  one 
treated  with  ultraviolet,  rendered  the  medium  mutagenically  inactive. 
Moreover,  it  is  highly  significant  that  strains  of  the  organisms  which 
contained  an  unusually  high  amount  of  catalase  within  their  cells  were 
found  to  be  virtually  immune  to  the  mutagenic  action  of  either  irradiated 
or  hydrogen  peroxide-treated  medium  (Wyss  et  al.,  1950).  Thus  the 
proof  is  convincing  that,  in  these  experiments,  peroxides,  derived  from 
amino  acids  and  vulnerable  to  catalase,  constituted  an  intermediary 
substance  in  the  production  of  mutations  by  ultraviolet. 

Subsequently  Laterjet  (cited  by  Howard,  1950)  found  that  administra- 
tion of  catalase  to  E.  coli  before  ultraviolet  treatment  increased  their 
survival.  In  fact,  with  strain  K12  its  administration  even  2  hours  (at 
37°C)  after  ultraviolet  treatment  greatly  increased  the  influence  of 
visible  light  in  promoting  their  survival,  a  finding  which  tied  in  the 
reparative  effect  of  catalase  with  that  of  light.  In  these  experiments, 
however,  only  the  rate  of  killing,  not  that  of  mutation,  was  studied. 

As  had  been  found  in  experiments  on  the  inactivation  of  enzymes  and 
viruses  by  radiation  in  cases  in  which  "protective"  substances  were 
absent  from  the  medium,  the  ultraviolet-treated  medium  proved,  both 
with  Staphylococcus  and  with  Neurospora,  to  be  more  effective  in  so  far  as 
the  proportion  of  altered  particles  (mutated  organisms)  was  concerned, 
when  these  particles  were  present  in  dilute  concentration  than  when  they 
were  more  crowded.  This  well-known  "dilution  effect"  is  caused  by  the 
limited  number  of  active  particles  (in  this  case  the  peroxide  molecules) 
relative  to  those  which  are  to  be  acted  upon  (the  microorganisms).  It 
shows  that  the  active  particles  travel  about  so  that,  when  they  do  not 
encounter  a  recipient  particle  nearby,  they  can  eventually  meet  with  and 
affect  one  that  was  originally  more  distant.  Here  then  is  a  further 
result  which  is  incompatible  with  the  idea  of  a  narrow  spatial  limitation 
of  the  mutagenic  pathway. 

Direct  irradiation  of  the  cells  was,  however,  found  to  exert  a  dispropor- 
tionately great  mutagenic  effect,  as  compared  with  irradiation  of  only  the 
medium  (Wagner  et  al.,  1950).  This  is  especially  true  if  the  longer  muta- 
genic wave  lengths,  such  as  2700  A,  which  are  ineffective  in  activating 
water,  are  used;  for  it  has  not  been  found  possible  to  obtain  mutations  by 
irradiating  the  medium  with  them  (Haas  et  al.,  1950).  This  shows  that, 
in  addition  to  the  long-distance  effect  discussed,  there  is  a  more  potent 
short-distance  effect  (although  not  necessarily  different  in  principle  from 
the  other)  by  which  the  greater  part  of  the  mutations  are  ordinarily  pro- 
duced.    These    two    effects    are    differently    modifiable,    as    shown    for 
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instance  by  the  finding  of  Jensen  et  at.  (1952)  that  a  certain  antoxidant 
(nor-di-guairetic  acid)  prevents  the  mutagenic  action  of  hydrogen  per- 
oxide but  not  that  of  direct  ultraviolet  irradiation  on  Neurospora. 

As  Wagner  et  al.  point  out,  it  is  too  early  to  decide  whether  the  lesser 
output  of  the  long-distance  process  is  mainly  because  of  the  greater 
chance  that  the  active  substances  will  be  destroyed  before  they  can  act 
upon  the  genetic  material  or  because  of  their  being  less  effective  mutagens 
than  those  produced  by  ultraviolet  within  the  cell.  It  may  be  recalled 
that  the  latter  have  been  shown  by  the  action  spectrum  of  ultraviolet  to 
consist  usually  of  nucleic  acid  compounds,  at  least  for  the  most  part.  It 
is  therefore  tempting  to  suppose  that  in  their  case  the  action  on  the 
genetic  material  is  more  direct.  Nevertheless,  the  evidence,  given  on 
pp.  545-547,  of  a  long  time  lag,  even  in  that  mutagenesis  which  is  based  on 
the  absorption  of  ultraviolet  by  chromatin  (as  shown  by  the  interval 
during  which  the  final  mutational  step  can  still  be  prevented),  calls  for 
caution  in  the  adoption  of  this  possibility.  So  too  does  the  evidence, 
given  on  pp.  541-542,  showing  the  mutagenic  action  of  visible  light  when 
this  is  absorbed  by  fluorescent  substances  which  had  been  introduced  into 
the  cell.  It  is  in  fact  quite  possible  that,  even  when  nucleic  acid  is  the 
absorber  of  ultraviolet,  much  of  the  action  is  transferred  to  surrounding 
substances  (even  water),  which  in  turn  react  upon  the  genes. 

Despite  the  finding  that  hydrogen  peroxide  generated  mutagenic 
organic  peroxides  in  the  medium,  it  failed  to  do  so  within  Staphylococcus 
cells  themselves,  at  least  when  they  were  not  growing,  since  it  was  found 
that  the  addition  of  hydrogen  peroxide  to  an  inorganic  saline  solution  con- 
taining the  organisms  resulted  in  no  increase  of  their  mutation  rate  (Wyss 
et  al.,  1948).  Evidently  this  is  due  to  some  biochemical  peculiarity  of 
these  organisms  which  effectively  destroys  or  blocks  the  action  of  the 
hydrogen  peroxide  itself  within  the  cells  or  to  the  lack  of  suitable  sub- 
strates in  their  protoplasm;  for  in  Neurospora,  hydrogen  peroxide  applied 
in  the  same  way,  as  well  as  when  applied  to  the  nutrient  medium,  did 
increase  the  mutation  rate  (Wagner  et  al.,  1950).  Additional  experiments 
on  induced  mutagenesis  in  Neurospora  were  carried  on  by  Dickey  et  al. 
(1949).  These  investigators,  confining  their  attention  to  mutations  of  a 
particular  kind  (from  adenine  dependent  to  adenine  independent), 
showed  that  the  addition  to  the  medium  of  organic  peroxides  of  any  one 
of  five  types,  without  irradiation,  resulted  in  a  marked  production  of 
mutations  of  the  kind  under  observation.  These  findings  then  serve  to 
extend  the  conclusions  of  Stone  and  Wyss  and  their  co-workers  to  specific 
organic  peroxides. 

The  catalase  and  some  of  the  other  intracellular  enzymes  such  as 
cytochrome  oxidases,  by  binding  molecular  oxygen  and  by  reducing 
hydrogen  peroxide  and  some  of  the  organic  peroxides,  must  interfere  with 
the  mutagenic  potentialities  of  these  substances.     Thus  the  enhancement 
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of  the  action  of  such  enzymes  would  tend  to  lower  the  ultraviolet- 
induced-mutation  rate,  whereas  the  inactivation  of  these  enzymes  would 
increase  the  rate.  This  is  one  possible  basis  for  the  enhancing  and 
reparative  effects  noted  in  the  work  on  the  influence  of  posttreatments  of 
light,  dinitrophenol,  anoxia,  and  temperature  on  the  ultraviolet-induced- 
mutation  rates.  In  this  connection  it  may  be  recalled  that  light  applied 
to  the  bacteria  was  found  to  prevent  to  some  extent  the  mutagenic  effect 
of  irradiated  and  of  hydrogen  peroxide  treated  media  upon  them. 

Since  some  transitory  peroxides  and  active  radicals  such  as  OH  are 
produced  even  in  normal  intracellular  metabolism,  especially  in  hydrogen 
peroxide-producing  oxidations  carried  on  by  flavoproteins,  a  part  of  the 
spontaneous-mutation  frequency  also  may  well  be  of  this  origin,  as  Wyss 
and  Stone  and  their  co-workers  have  pointed  out.  In  that  case  not  only 
peroxides  but  also  agents  which  foster  the  production  or  the  persistence 
of  peroxides  in  the  cell,  as  for  instance  by  shunting  more  of  the  oxidations 
into  the  control  of  the  flavoproteins,  might  have  a  perceptible  effect  in 
increasing  the  frequency  of  mutations  arising  in  the  absence  of  radiation 
or  of  artificially  applied  peroxides.  Evidence  of  this  was  obtained  in  the 
finding  of  Wyss  et  al.  (1948)  that  azide,  which  inhibits  catalase,  cyto- 
chrome oxidase,  and  some  other  enzymes,  markedly  increased  the  spon- 
taneous-mutation frequency  in  Staphylococcus.  Similarly,  in  Neurospora, 
Wagner  et  al.  (1950)  found  that  cyanide,  which  likewise  is  an  inhibitor  of 
catalase  and  related  enzymes,  caused  a  marked  increase  in  mutation  fre- 
quency in  the  absence  of  ultraviolet  treatment,  although,  strangely,  this 
substance  did  not  appear  to  act  synergistically  with  ultraviolet. 

In  further  work  on  Staphylococcus,  Clark,  Wyss,  and  Stone  (1950) 
found  that  menadione,  a  vitamin  K  analogue  which  blocks  sulfhydryl 
groups  on  enzymes  and  thus  inactivates  the  enzymes  containing  them, 
markedly  increases  the  mutation  frequency  occurring  in  the  absence  of 
irradiation.  It  was  found  possible  to  block  the  effect  of  the  menadione  in 
turn  by  the  protective  action  of  cysteine  and  other  compounds  which 
supply  sulfhydryl  groups.  It  would  be  of  interest  to  know  whether  this 
mutagen,  like  mustard,  works  synergistically  with  ultraviolet.  As 
Barron  and  co-workers  (Barron,  Dickman,  and  Singer,  1947;  Barron  and 
Dickman,  1949;  Barron  et  al.,  1949;  Barron  and  Flood,  1950)  have  shown, 
enzymes  and  other  proteins  containing  sulfhydryl  are  inordinately  sensi- 
tive to  radiation.  It  has  therefore  been  suggested  that  they  may  con- 
stitute the  main  point  of  attack  of  radiation  on  the  cellular  metabolic 
system  and  perhaps  even,  directly  or  indirectly,  on  the  genes.  Seem- 
ingly opposed  to  this,  however,  are  the  findings  of  Auerbach  and  Robson 
(1947)  and  of  Auerbach  (1950b)  that  neither  lewisite  nor  chloropicrin, 
which  are  very  potent  in  attacking  SH  groups,  are  mutagenic  in 
Drosophila. 

The  work  cited  in  the  preceding  paragraphs  shows  that  studies  of 
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chemical  mutagenesis  and  radiation  mutagenesis  can  no  longer  be  sepa- 
rated but  are  becoming  interlocked  into  one  closely  knit  subject  of  inquiry, 
even  though  the  mode  of  connection  of  the  parts  is  only  beginning  to  be 
understood.  From  this  point  of  view,  review  of  the  knowledge  of  chem- 
ical mutagenesis  would  be  in  order  here,  if  more  were  known  about  the 
processes  actually  at  work.  In  the  absence  of  this  knowledge,  it  is  suffi- 
cient to  call  attention  to  the  fact  that  oxidants  and  enhancers  of  oxidation 
are  conspicuous  among  the  substances  which  have  been  reported  to  have 
a  mutagenic  effect.  This  was  in  fact  pointed  out  some  years  ago  by 
Rapoport  (1943),  who  even  at  that  time  took  the  position  that  the 
mutagenic  action  of  radiation  is  connected  with  its  oxidizing  effects.  On 
the  other  hand,  it  must  be  borne  in  mind  that,  in  general,  oxidations  are 
under  rather  rigorous  cellular  control  by  varied  and  elaborate  protective 
and  regulatory  mechanisms.  Thus  it  is  not  surprising  that,  in  the  experi- 
ments of  Wyss,  Stone,  and  Clark  (1947),  various  agents  other  than 
peroxides,  which  promote  oxidation  in  the  more  general  sense,  such  as 
chlorine,  iodine,  potassium  permanganate,  or  oxygen  itself,  failed  to 
cause  the  medium  to  which  they  were  applied  to  become  mutagenic  to 
Staphylococcus,  and  in  this  respect  differed  from  hydrogen  peroxide. 
Again,  salts  of  heavy  metals,  although  supposed  to  attack  sulfhydryl- 
containing  compounds,  proved  unable,  in  the  experiments  of  Clark, 
Wyss,  and  Stone  (1950),  to  take  the  place  of  menadione  in  mutagenesis. 

14.  INFLUENCE  OF  BIOLOGICALLY  DETERMINED  CONDITIONS 
ON  HIGH-ENERGY  MUTAGENESIS 

In  view  of  the  great  variability  in  the  effectiveness  of  ultraviolet,  as 
well  as  of  given  chemicals,  in  causing  mutations  it  might  be  supposed 
that  mutagenesis  by  ionizing  radiation  also  would  be  subject  to  modifi- 
cation. Although  advocates  of  the  target  hypothesis  have  attempted  to 
deny  or  belittle  such  effects,  some  of  them,  based  on  biologically  deter- 
mined differences,  have  been  known  since  the  earliest  years  of  the  study 
of  X-ray  mutagenesis.  In  this  connection  it  may  be  recalled  (see  Chap. 
7)  that  both  lethal  and  visible  point  mutations  were  found  to  be  produced 
by  X  rays  at  a  considerably  higher  rate  in  spermatozoa  of  Drosophila  than 
in  immature  female  germ  cells  (Muller,  1928b,  1930;  Muller,  Valencia, 
and  Valencia,  1949)  or  spermatogonia  (Muller,  1930),  and  at  eight  times 
the  rate  in  soaked  sprouting  seeds  of  barley  as  in  dry  dormant  ones 
(Stadler,  1928c). 

Again,  Drosophila  spermatozoa,  in  various  stages  of  maturity,  have 
very  different  induced-mutation  rates,  at  least  in  so  far  as  chromosome 
breakages  are  concerned  (Luning,  1952a,  b,  d),  and,  in  regard  to  recessive 
lethals,  spermatozoa  from  very  old  males  have  them  produced  by  X 
rays  at  a  much  higher  rate  than  those  from  young  males  (Offermann, 
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1938).  On  the  other  hand,  Marqiiardt  and  Ernst  (1940)  obtained  a  much 
higher  frequency  of  mutations  by  X  irradiation  of  immature  than  by 
X  irradiation  of  mature  pollen  of  Antirrhinum.  Knapp  (1938)  found  the 
meiotic  divisions  more  susceptible  to  mutation  production  than  the  com- 
pleted germ  cells  of  Sphaerocarpus.  D.  Lewis  (1948,  1949),  investigating 
mutations  of  the  locus  for  self-sterility,  in  pollen  mother  cells  of  Oenothera 
and  of  Prunus,  found  that  both  the  spontaneous-  and  the  X-ray-induced 
mutabilities  vary  greatly  with  the  stage  of  meiosis  and  are  especially  high 
in  the  neighborhood  of  metaphase. 

In  addition,  some  significant  although  usually  slight  differences  in 
induced  mutability  were  long  ago  found  between  comparable  species  and 
between  stocks  of  the  same  species  (Chap.  7).  Large  differences  of  this 
kind,  some  of  which  have  been  found  to  arise  by  a  sudden  genetic  change, 
have  been  reported  in  bacteria  (see,  e.g.,  Witkin,  1947;  Bryson,  1947), 
but  some  of  these  may  be  only  apparent  changes  in  mutability,  caused 
by  a  diploidization  which  conceals  the  mutations.  Considerable  intra- 
specific  differences  of  genetic  origin  in  regard  to  resistance  to  the  killing 
effect  of  ionizing  radiation  have  been  noted  in  widely  distinct  types  of 
organisms.  There  is  evidence  of  the  Mendelian  nature  of  some  of  these 
differences,  e.g.,  in  a  case  found  by  Smith  (1942)  in  wheat. 

Another  genetic  influence  on  X-ray  mutability,  reported  by  Stubbe 
(1935),  was  apparently  exerted  by  the  plasmagenes  or  plastogenes  of  the 
fireweed  Epilobium  luteum  on  the  chromosomal  genes  of  Epilobium  hir- 
sutum.  In  plants  in  which  this  combination  had  been  brought  into  exist- 
ence by  a  succession  of  backcrossings  of  hybrids  having  an  E.  luteum 
ancestor  in  the  all-maternal  line  to  E.  hirsutum  pollen,  the  induced- 
mutation  rate  was  higher  by  an  amount  which  verged  on  the  significant. 
Belgovsky  (1934)  found  a  probably  significant  increase  in  the  frequency 
of  induced  mutation  occurring  in  the  normal  allele  of  white  derived  from 
Drosophila  simulans  when  this  was  present  in  the  optic  anlagen  of  D. 
melanogaster-simulans  hybrids,  as  compared  with  its  mutability  in  "pure" 
D.  simulans.  Such  effects,  no  matter  whether  or  not  attributable  exclu- 
sively to  chromosomal  genes,  fit  in  with  the  interpretation  that  disturb- 
ances in  normal  functioning,  regardless  of  their  cause,  would  be  expected 
oftener  to  raise  than  to  lower  the  radiation-induced-mutation  rate,  just 
as  they  appear  more  often  to  raise  than  to  lower  the  spontaneous-muta- 
tion rate;  for  low  rates  would,  on  the  whole,  reciuire  a  more  highly  organ- 
ized system  than  high  rates  and  would,  on  the  whole,  have  been  more 
favored  by  natural  selection  (see  Chap.  7). 

It  had  very  early  been  observed  that  tissues  in  which  there  was  more 
mitotic  activity  were  more  damaged  by  radiation  (e.g.,  Bohn,  1903; 
Apolant,  1904;  Bergonie  and  Tribondeau,  1904,  1906;  Levy,  1906; 
Mottram,  1913).  Moreover,  various  early  observers  had  noted  that 
radiation  resulted  in  abnormal  mitoses,  including  fragmentation,  lagging. 
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attachments,  and  bridges  of  chromosomes  (e.g.,  Koernicke,  1904a,  b, 
1905;  Guilleminot,  1908;  Gager,  1908;  Amato,  1911;  Barratt  and  Arnold, 
1911;  P.  Hertwig,  1911).  It  was  natural  therefore  to  suspect  that  the 
observed  cell  damage  was  largely  caused  by  the  chromatm  damage  (Bohn, 
1903;  Levy,  1906).  This  supposition  was  soon  strengthened  materially 
by  observations  showing  that  irradiation  of  germ  cells  (even  of  male  germ 
cells  alone,  a  more  decisive  criterion)  leads  to  abnormal  development 
(Bardeen,  1907,  and  McGregor,  1908,  on  anurans;  Regaud  and  Debreuil, 
1908,  on  rabbits;  the  Hertwigs  and  Oppermann  and  their  co-workers, 
1911-1913,  on  sea  urchins,  fish,  amphibia,  and  angiosperms,  reviewed  by 
G.  Hertwig,  1920),  and  that  these  effects  are  accompanied  by  chromosome 
abnormalities  (see  G.  Hertwig,  1920). 

That  cells  near  the  metaphase  of  mitosis  are  more  readily  damaged  by 
radiation  than  those  in  which  the  chromosomes  are  more  extended  had 
already  been  noted  by  Koernicke  (1904a,  b,  1905),  in  so  far  as  chromo- 
some changes  were  concerned,  and  by  Krause  and  Ziegler  (1906),  in  so  far 
as  cell  damage  in  general  was  concerned;  the  latter  authors  used  these 
results  to  explain  the  greater  damage  to  tissues  in  which  mitosis  was  pro- 
ceeding more  actively  at  the  time  of  irradiation.  This  interpretation 
was  strengthened  by  Holthusen's  (1921)  classical  study  of  the  damaging 
effects  of  X  rays,  applied  at  various  stages,  on  the  development  of  Ascaris 
eggs.  He  traced  in  detail  the  variation  of  radiation  susceptibility  with 
the  mitotic  cycle  and  proved  that  there  is  a  marked  peak  in  the  neighbor- 
hood of  metaphase.  The  later  work  of  Alberti  and  Politzer  (1923,  1924) 
on  cells  in  the  cornea  of  salamanders  and  to  some  extent  that  of  Strange- 
ways  and  Oakley  (1923)  on  cells  in  tissue  cultures  broke  down  the  effects 
on  chromatin  into  those  immediately  observable  (these  are  usually  less 
abundant  and  often  consist  of  a  mere  stickiness)  and  the  more  definitive 
"secondary"  chromosome  fragmentations  and  junctions  not  observable 
until  the  mitosis  following  the  irradiation. 

A  review  of  most  of  the  voluminous  later  literature  on  the  variations 
in  the  frequency  of  induced  chromosome  changes  of  different  kinds  with 
the  stages  of  the  mitotic  and  meiotic  cycles  and  with  accompanying  con- 
ditions may  be  left  to  the  chapters  by  other  authors,  dealing  more  spe- 
cifically with  these  effects.  Here  it  may  be  noted  that  (as  pointed  out  in 
Chap.  7  and  in  Sects.  2  and  3  of  this  chapter)  a  considerable  part,  at  least, 
of  the  observed  differences  in  results  have  long  been  known  to  have  their 
basis  in  the  differences  in  joinability  of  broken  ends,  and  in  the  relative 
opportunities  for  joining  in  one  way  rather  than  another,  e.g.,  restitu- 
tionally  or  by  isochromosome  formation  or  by  exchange  of  parts  of  the 
same  or  different  chromosomes.  These  opportunities  in  turn  depend  on 
factors  such  as  chromosome  and  chromatid  arrangement  and  amount  and 
type  of  movement  of  parts;  these  arrangements  and  mo^'ements  can  be 
influenced  by  intrachromosome  tension,  degree  of  spiralization,  properties 
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of  "matrix,"  pull  of  centromere,  synaptic  forces  exerted  by  homologous, 
sister,  and  even  heterologous  chromosome  threads,  viscosity,  protoplasmic 
currents,  temperature,  vibrations,  and  gravitational,  accelerational  (cen- 
trifugal), electric,  and  perhaps  even  magnetic  pulls,  etc. 

In  view  of  all  these  influences  acting  on  the  speed  and  pattern  of  join- 
ing of  the  broken  ends,  it  is  usually  very  difficult,  at  best,  to  draw  safe 
conclusions  concerning  the  frequency  of  the  primary  breakages  induced 
by  the  application  of  radiation  at  different  cell  stages,  and  under  differ- 
ent accompanying  conditions,  from  observations  on  the  freciuencies  with 
which  aberrations,  such  as  acentric  fragments,  isochromosomes,  and 
exchange  combinations,  can  be  found  after  the  lapse  of  several  hours  or 
days  following  irradiation.  In  several  articles  Sparrow  (e.g..  Sparrow  and 
Maldawer,  1950;  Sparrow,  1951)  has  shown  that  differences  in  rejoining 
are  to  a  considerable  degree  responsible  for  the  results  obtained  when 
delayed  observations  of  this  sort  are  made.  On  the  other  hand,  the 
carrying  out  of  immediate  observations  on  breakage  has  usually  been 
impossible  or  impracticable  since,  until  the  chromosomes  recondense,  the 
changes  in  them  are  seldom  evident.  Hence  there  is  much  uncertainty  as 
to  the  extent  and  the  manner  in  which  the  susceptibility  of  the  chromo- 
somes to  having  primary  breaks  produced  in  them  by  radiation  or  other 
mutagens  varies  with  cell  stage,  chromosome  state,  and  accompanying 
conditions.  In  all  cases  the  cjuestion  must  be  asked,  and  can  seldom  be 
answered:  to  what  degree  is  a  given  difference  caused  by  an  effect  on 
joining  rather  than  on  breakage  itself?  When,  however,  the  influence 
in  question  can  be  proved  to  exert  its  effect  only  when  applied  during 
irradiation,  it  can  usually  be  concluded  that  that  influence  is  on  the 
breakage  process. 

15.  INFLUENCE  OF  WATER  AND   OXYGEN 
ON  HIGH-ENERGY  MUTAGENESIS 

Turning  now  from  conditions  known  only  in  biological  terms  to  those 
of  a  physically  and  chemically  defined  nature  which  affect  the  production 
of  mutations  (and  possibly  also  chromosome  breaks)  by  ionizing  radi- 
ation, it  may  be  noted  that  the  first  such  condition  regarding  which  evi- 
dence was  obtained  was  that  of  desiccation  versus  a  high  water  content. 
Stadler's  early  observations  on  the  far  higher  frequency  of  induced  point 
mutations  in  soaked  sprouting  seeds  of  barley  than  in  dry  dormant  ones 
had  already  pointed  in  this  direction,  but  might  have  been  caused  by  a 
difference  in  developmental  stage.  Several  later  workers  have  confirmed 
his  observation  on  the  effect  of  soaking  seeds  before  irradiation  in  increas- 
ing the  frequency  of  X-ray-induced  point  mutations  and  have  extended 
the  finding  also  to  chromosome  aberrations  (e.g.,  Gustafsson,  1940,  1941; 
Wertz,  1940;  Gelin,  1941;  Centner  and  Brown,  1941;  Knapp  and  Kaplan, 
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1942;  Kaplan,  1951;  D'Amato  and  Gustafsson,  1948),  and  in  some  of 
these  cases  the  interval  from  the  beginning  of  soaking  until  irradiation 
was  too  short  for  much  change  in  the  developmental  stage,  morphologi- 
cally considered,  to  have  occurred.  On  the  other  hand,  soaking  seeds  of 
Antirrhinum  or  barley  after  irradiation  was  found  by  Knapp  and  Kaplan 
(1942)  and  by  Kaplan  (1951),  respectively,  to  reduce  the  frequency  of 
chromosome  aberrations  (but  not  with  certainty  that  of  point  mutations), 
an  effect  which  Kaplan  presumed  to  consist  in  a  promotion,  under  the 
conditions  of  water  content  propitious  for  vital  activities,  of  restitutional 
as  opposed  to  recombinational  unions  of  broken  ends. 

Soaking  of  pollen  of  Antirrhinum  in  10  per  cent  sodium  chloride  for 
8  hours  just  before  irradiation  also  raised  the  frequency  of  X-ray-induced 
dominant  mutations,  recessive  mutations  of  certain  types  (called  the  "Q" 
types),  and  possibly  chromosome  aberrations,  in  experiments  of  Kaplan's 
(1939,  1940a,  1946).  If  the  pollen  was  dried  again  for  8  hours  after  soak- 
ing, before  irradiation,  the  influence  disappeared.  Moreover,  a  33-hour 
soaking  was  much  less  effective  than  an  8-hour  one,  presumably  because 
of  the  intervention  of  developmental  processes  of  some  kind.  At  the 
same  time,  one  phenotypic  group  (called  the  "R"  group)  of  recessive 
mutations — which,  however,  seemed  to  have  a  higher  spontaneous  than 
induced  frequency  and  w^ere  subject  to  a  considerable  variance — did  not 
show  these  effects.  Although  Kaplan  suggests  that  the  two  groups  of 
recessives,  Q  and  R,  may  have  differed  in  the  mutational  responses  of 
their  respective  genes  or  may  have  represented  chromosome  changes  (Q) 
vs.  gene  mutations  (R),  it  would  seem  premature  to  base  conclusions  on 
their  apparent  differences  in  mutational  pattern.  For  the  considerable 
irregularities  in  the  data,  together  with  the  existence  of  so  large  a  pro- 
portion of  noninduced  cases  in  the  R  group,  would  •tend  in  this  group  to 
hide  such  differences  as  the  Q  group  showed ;  this  also  applies  to  the  chro- 
mosomal changes,  evinced  by  partial  sterility.  In  AspergillHs  spores, 
Stapleton  and  HoUaender  (1952)  found  that  the  frequency  of  morpho- 
logical mutants,  as  well  as  the  damage  to  survival,  caused  by  X  irradi- 
ation was  at  all  doses  (but  more  especially  at  the  lower  ones,  where  the 
mutants  must  have  consisted  in  larger  measure  of  point  mutations)  con- 
siderably greater  in  wet  than  in  dry  spores.  This  difference  persisted, 
although  to  a  reduced  extent,  even  when  oxygen  was  removed. 

All  these  observations  indicate  that  the  presence  of  water,  especially 
when  it  contains  dissolved  oxygen  but  also  without  it,  is  conducive  to 
mutagenesis.  This  is  in  line  with  the  ideas  originally  suggested  by  Fricke 
(e.g.,  Fricke,  1934,  1935;  Fricke  and  Hart,  1936;  Fricke,  Hart,  and  Smith, 
1938),  who  regarded  much  of  the  biological  as  well  as  chemical  influence 
of  ionizing  radiation  as  due  to  the  formation  of  active  oxygen-containing 
groups  (e.g.,  OH,  H2O2)  from  water,  and  from  the  oxygen  dissolved  in 
water.     Thus,  in  the  experiments  in  which  Fricke  and  Demerec  (1937) 
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found  2-A  X  rays  as  efficient  as  ordinary  X  rays  in  causing  lethals  in 
Drosophila,  they  were  inclined  to  attribute  this  apparent  violation  of  the 
target  hypothesis  to  the  production  of  mutations  via  the  intermediation 
of  "activated  water"  (to  use  Fricke's  term).  It  is  to  be  noted,  however, 
that  not  all  the  X-ray  mutations  can  be  produced  through  reactions 
originating  in  free  water  since  even  dried  bacteria  (Devi  et  at.,  1947)  and, 
in  the  work  of  Stapleton  and  Hollaender  (1952),  fungus  spores  deprived 
of  both  free  water  and  oxygen  still  gave  rise  to  some  mutations  as  a  result 
of  irradiation. 

Rapoport,  who' was  the  most  uncompromising  speaker  in  defense  of 
genetics  during  the  attack  on  this  science  in  the  U.S.S.R.  in  1948,  and 
who  has  not  been  heard  from  since,  was  also  the  first  investigator  who, 
generalizing  from  already  existing  results,  came  to  the  conclusion  that 
the  mutagenic  action  of  radiation  must  be  exerted  via  the  activated 
oxygen-containing  groups  produced  by  it  (Rapoport,  1943).  He  based 
this  conclusion  in  the  first  place  on  the  similarity  of  both  the  chemical 
and  the  biological  effects  of  ionizing  radiation  and  ultraviolet  with  those 
of  ozone,  which  is  itself  produced  by  ionizing  radiation.  His  second 
argument  lay  in  the  promoting  influence  on  X-ray  mutagenesis  exerted  by 
iron  (to  a  degree  not  explicable  by  its  higher  X-ray  absorption)  and  by 
some  other  substances  which  affect  oxidations  (see  pp.  574-581).  He  was 
inclined  to  regard  the  mutagenic  effect  of  radiation  as  brought  about 
largely  by  the  ozonidation,  by  ozone  itself,  of  unsaturated  bonds  in  the 
genetic  material,  but  he  also  called  attention  to  the  manifold  effects  on 
organic  molecules  of  the  substances  of  high  oxidizing  potential  which  are 
produced  by  radiation.  He  further  pointed  out  that  even  spontaneous 
mutations  may  arise  in  the  same  way,  as  a  result  of  active  oxygen-con- 
taining groups,  produced  in  this  case  in  the  course  of  metabolism.  This 
led  him  to  various  successful  experiments  in  chemical  mutagenesis  (see 
Chap.  7).  Unfortunately  Rapoport's  papers  seem  not,  until  recently,  to 
have  come  to  the  attention  of  investigators  outside  the  U.S.S.R.,  and  it 
was  several  years  before  they  were  able,  through  work  of  their  own,  to 
come  to  similar  conclusions.  At  the  same  time,  the  details  of  Rapoport's 
interpretations,  such  as  the  conception  that  ozone  itself  serves  as  the 
chief  intermediary  substance,  that  it  attacks  the  genetic  material  directly, 
and  that  unsaturated  bonds  are  the  main  sites  of  its  attack,  remain 
highly  questionable. 

The  promotion  of  the  production  of  point  mutations  and  chromosome 
breaks  by  the  presence  of  oxygen  during  exposure  to  ionizing  radiation  is 
now  well  established.  Parallel  with  the  work  of  Stone,  Wyss,  and 
co-workers  who.  starting  in  1947,  showed  the  important  role  played  in 
short-wave  ultraviolet  mutagenesis  by  chemical  groups  containing  a 
highly  reactive  oxygen  atom,  Thoday  and  Read  (1947)  showed  that  the 
frequency  of  chromosome  changes  as  well  as  the  amount  of  damage  to 
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growth  in  Vicia  faba  rooi  tips  is  positively  correlated  with  the  amount 
of  oxygen  present  during  (but  not  after)  exposure  to  X  rays.  That 
X-ray  damage  to  survival  is  so  correlated  had  been  made  known  long 
before  by  Holthusen  (1921)  working  with  Ascaris  eggs  (see,  however, 
Dognon,  1925,  who  considered  this  as  w^ell  as  the  damaging  influence  of 
water  and  of  temperature  with  X  rays,  found  by  him,  as  indirect  effects 
of  the  heightened  vital  activities  in  the  Ascaris  eggs)  and  was  demon- 
strated by  many  others  afterward  in  other  material  (e.g.,  Crabtree  and 
Cramer,  1933;  Mottram,  1935a,  b;  Smith,  Sieburth,  and  Norby,  1950; 
Hollaender,  Stapleton,  and  Martin,  1951). 

Thoday  and  Read  (1949)  next  showed  that  with  a  rays  the  oxygen 
effect  is  much  less.  This  result,  as  they  pointed  out,  was  to  be  expected 
if  hydrogen  peroxide  (or,  it  should  be  added,  its  derivatives)  is  a  cause  of 
chromosome  breakage,  since  the  production  of  peroxide  is  much  less  pro- 
moted by  the  presence  of  dissolved  oxygen  under  irradiation  with  a  than 
with  X  rays.  This  is  because  with  a  radiation,  OH  radicals,  derived  from 
water,  are  produced  so  close  together  that  they  often  interact  to  form 
hydrogen  peroxide  and  its  derivatives.  With  X  rays,  on  the  other  hand, 
in  the  absence  of  oxygen,  each  OH  radical  freed  into  the  water  by  the 
radiation  is  usually  so  far  away  from  any  other  OH  radical  that  (in  the 
absence  of  interferences  such  as  can  be  caused  by  some  metaUic  ions)  it 
reunites  with  a  freed  hydrogen  atom.  However,  if  oxygen  molecules  are 
present,  many  of  the  hydrogen  atoms  unite  with  those  of  oxygen  to  give 
rise  to  HO2  and  then  H2O2,  while  more  of  the  OH  radicals,  being  left 
as  a  surplus,  will  eventually  find  each  other,  giving  more  H2O2.  In  corres- 
spondence  with  this  interpretation,  X-ray-induced  chemical  reactions 
which  are  promoted  by  oxygen  are  relatively  independent  of  oxygen 
when  a  radiation  is  used  instead. 

Unfortunately  for  the  rigorousness  of  this  argument  in  its  application 
to  the  findings  on  chromosome  changes,  there  is  a  further  reason  why 
oxygen  would  promote  these  changes  to  a  lesser  degree  with  a  than  with 
X  rays.  This  is  that  each  a  track  crossing  a  chromatin  thread  has  such 
a  high  chance  of  causing  an  effective  break  in  the  thread  anyway  (and 
often  in  its  sister  thread  also)  merely  because  of  the  large  number  of  ions 
in  the  track  that,  even  if  oxygen  did  promote  breakage,  this  influence, 
being  largely  superfluous,  would  cause  relatively  few  additional  breaks 
that  were  separately  visible  (see  pp.  490  491).  Despite  this  objection  to 
the  argument  from  a  rays,  the  influence  of  oxygen  in  connection  with 
ionizing  radiation  is  thoroughly  established  as  a  general  phenomenon. 
Moreover,  this  influence  must  in  any  case  be  exerted  through  the  forma- 
tion of  atom  groups,  such  as  hydrogen  peroxide  and  its  derivatives  and 
potential  antecedents,  which  carry  oxygen  in  highly  reactive  form. 

Giles  and  Riley  (1949,  1950;  Riley  and  Giles,  1949),  in  observations  on 
the  frequencies  of  exchange  aberrations  and  interstitial  deletions  induced 
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by  X  rays  in  Tradescantia  microspores,  showed  that  these  frequencies 
are  strongly  affected  by  the  amount  of  oxygen  present  during  exposure 
but  not  by  the  amount  present  before  or  after  exposure.  The  curve 
expressing  the  relation  of  frequency  as  ordinate  to  oxygen  concentration 
as  abscissa  was  found  by  Giles  and  Riley  to  rise  steeply  at  first  but  to 
become  convex  as  the  oxygen  concentration  in  air  (21  per  cent)  was 
approached  and,  after  that,  to  show  only  a  very  slow  rise  so  that,  even  at 
several  atmospheres  pressure  of  pure  oxygen,  it  was  not  much  above  the 
value  for  air.  It  did  not  matter  what  pressure  of  inert  gas  was  used,  or 
what  inert  gas  (nitrogen,  helium,  or  argon)  was  present  in  place  of  or  in 
addition  to  oxygen  (Giles  and  Beatty,  1950a,  b),  or  even  whether  a 
vacuum  was  used  instead  of  an  inert  gas  when  oxygen  was  absent;  the 
result  depended  only  on  the  pressure  of  the  oxygen  itself  (i.e.,  on  its 
partial  pressure).  In  independent  work  Hayden  and  Smith  (1949)  had 
also  found  that  the  frequency  of  chromosome  aberrations  induced  by 
X  rays  (in  their  case,  by  treatment  of  barley  seeds)  was  much  higher 
when  oxygen  was  present  during  exposure  than  when  irradiation  was  con- 
ducted in  a  vacuum. 

Viewing  hydrogen  peroxide  produced  in  the  protoplasmic  medium  in 
which  the  chromosomes  lie  as  an  intermediary  in  the  main  pathway  lead- 
ing to  the  aberrations  which  arise  under  the  influence  of  oxygen,  Giles 
and  his  co-workers  raise  the  question  whether  those  aberrations  which 
arise  even  without  oxygen  represent  the  direct  action  of  the  radiation  on 
the  chromosomes  themselves  or  an  indirect  action,  attributable  to  the 
OH  radicals  produced  in  the  water  content  of  the  cell.  Since  according 
to  Allen  (1948)  hydrogen  molecules,  when  present  in  pure  water  at  least, 
quickly  combine  with  these  radicals,  Giles  and  Beatty  (1950a)  tried 
irradiation  in  an  atmosphere  of  hydrogen  but  found  no  significant  reduc- 
tion of  the  yield  of  aberrations  below  that  produced  in  other  inert  gases  or 
in  a  vacuum.  This  result  would  appear  to  favor  a  direct  action  but,  as 
these  authors  point  out,  it  is  quite  conceivable  that  in  the  intracellular 
fluid,  in  contrast  to  pure  water,  hydrogen  peroxide  and  related  groupings 
may  be  formed  by  radiation  even  in  the  absence  of  oxygen. 

The  lack  of  effect  of  a  difference  in  oxygen  pressure  before  or  after 
exposure  strongly  indicates  that  oxygen  promotes  the  process  of  breakage 
itself  instead  of  influencing  the  junction  of  the  broken  ends.  However, 
since  it  was  still  conceivable  that  oxygen,  when  acting  in  conjunction  with 
radiation  but  not  without  it,  somehow  alters  the  chromosomes  in  such  a 
way  as  to  affect  their  later  joining,  a  new  series  of  observations  was 
carried  out  by  Riley,  Giles,  and  Beatty  (1951).  They  made  a  study  of 
the  frequency  of  one-hit  aberrations  of  the  chromatid  and  isochromatid 
types  which  vary  linearly  with  dose  and  of  two-hit  aberrations  of  the 
exchange  and  interstitial  deletion  types  which  vary  as  a  higher  power  than 
1  of  the  dose,  the  power  depending  on  the  time-intensity  relations  of  the 


560  RADIATION   BIOLOGY 

dose.  A  comparison  was  made  of  the  results  obtained  for  these  two  kinds 
of  aberrations  when  the  irradiation  had  been  appUed  in  an  oxygen 
atmosphere  and  when  inert  gas  had  been  used.  It  was  found  that 
changing  the  time-intensity  relation  of  a  given  dose,  either  with  oxygen 
or  with  inert  gas,  did  not  change  the  ratio  of  chromatid  to  isochromatid 
breaks,  even  though  (as  might  be  expected  from  the  effectively  denser  and 
larger  tails  of  the  electron  tracks  in  the  presence  of  oxygen)  there  was  a 
higher  ratio  of  the  isochromatid  to  single-chromatid  breaks  when  oxygen 
had  been  used.  Moreover,  the  ratio  of  observed  two-hit  to  one-hit  aber- 
rations was  altered  to  about  the  same  extent,  for  a  dose  of  the  same  general 
effectiveness,  by  a  given  amount  of  alteration  of  the  time-intensity  rela- 
tion, regardless  of  which  atmosphere  had  been  present  at  irradiation. 
All  this  indicated  that  the  joining  properties  of  the  fragments  and  the 
timing  of  restitutional  versus  other  unions  had  not  been  affected  by  the 
atmospheres  present  during  irradiation.  The  conclusion  thus  became 
more  secure  that  the  effect  of  oxygen  had  been  on  the  production  of  the 
primary  breaks. 

Opposed  to  this  conclusion  is  a  recent  paper  by  Schwartz  (1952),  in 
which  he  does  find  a  difference  in  the  ratios  of  two  types  of  aberrations  in 
maize  endosperm  according  to  whether  X  irradiation  of  the  pollen  was 
carried  out  in  an  oxygen  or  nitrogen  atmosphere.  The  two  types,  which 
were  studied  by  the  effects  on  marker  characters,  were  (1)  mosaic  losses 
caused  by  the  formation  of  isochromosomal  or  other  dicentrics  with 
resultant  breakage-fusion-bridge  cycles  and  (2)  stable  whole-chromosome 
deletions.  The  mosaic  type  appeared  to  be  much  more  affected  than  the 
stable  type  by  the  atmosphere  present  during  irradiation.  Since  the 
mosaic  type  is  thought  to  represent  mainly  single-hit  cases  in  which  junc- 
tion was  delayed  until  it  could  occur  between  sister  ends,  whereas  the  stable 
type  is  thought  to  consist  mainly  of  two-break  interstitial  deletions  in 
which  the  two  distal  pieces  joined  each  other,  Schwartz  argues  that  the 
oxygen  present  during  irradiation  must  have  affected  the  broken  ends  in 
such  a  manner  as  to  reduce  their  likelihood  of  joining  rather  than  affected 
the  frequency  of  primary  breaks. 

This  argument,  however,  involves  many  assumptions  since  the  actual 
chromosomal  structure  (or  the  frequencies  of  different  kinds  of  structures) 
of  neither  of  these  two  phenotypic  classes  of  aberrations  is  well  known. 
So,  for  example,  many  of  the  mosaics  may  have  been  two-break  rings  or 
dicentrics,  involving  only  one  chromatid,  and  most  of  the  stable  class  may 
have  been  one-break  deletions  in  which  healing  of  the  broken  end  had 
occurred.  The  evidence  offered  on  these  points,  derived  from  the  relative 
frequencies  of  certain  types  observed  in  sporophytic  tissues,  is  not 
germane  since  these  frequencies  are  known  to  deviate  widely  from  the 
relative  frequencies  in  the  endosperm.  Moreover,  the  same  amount  of 
irradiation  was  given  in  conjunction  with  both  gases  so  that  there  was  a 
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very  different  effective  dose  in  the  two  oases.  This  would  have  influenced 
the  relative  frequencies  of  the  two  types  in  an  unknown  way,  especially  in 
view  of  the  lack  of  knowledge  of  the  chromosomal  pattern  which  these 
types  actually  represented.  It  therefore  seems  premature  to  accept  these 
results  as  throwing  doubt  on  the  conclusion  of  Riley,  Giles,  and  Beatty, 
which  was  based  on  the  examination  of  structural  changes  of  known  types. 

Not  all  tests  with  oxygen  and  irradiation  have  given  positive  results. 
Russell,  Kile,  and  Russell  (1951)  reported  that  reduction  of  the  oxygen 
content  of  air  to  5  per  cent  failed  to  decrease  the  frequency  of  dominant 
lethals  (presumably  caused  by  chromosome  changes)  induced  in  sperma- 
tozoa of  mice,  even  though  the  reduction  in  somatic  damage  to  the  adult 
mice  was  marked.  On  the  other  hand,  the  influence  of  oxygen  during 
irradiation  in  promoting  chromosome  aberrations  has  been  extended  to 
Drosophila  by  Grodner  and  by  Baker  and  Edington  (unpublished,  cited  by 
Hollaender,  Baker,  and  Anderson,  1952).  A  plotting  of  the  curve  relating 
frequency  to  oxygen  concentration  shows  it  to  be  strikingly  similar  to 
that  obtained  for  Tradescantia  multihit  aberrations  by  Giles  and  Beatty, 
with  its  maximum  almost  reached  at  the  oxygen  pressure  of  air.  Since 
this  curve,  in  turn,  is  similar  to  the  frequency-oxygen  curve  obtained  by 
Gaulden  and  Nix  (1950)  for  mitotic  inhibition,  the  interpretation  is 
favored  of  an  indirect  action,  similarly  exerted  in  both  cases  by  active 
substances  produced  in  the  intracellular  medium.  It  is  also  pointed  out 
by  Hollaender,  Baker,  and  Anderson  that  in  this  case  the  application  of 
the  idea  that  the  effect  is  on  joining  rather  than  on  breakage  would 
require  the  assumption  that  the  change  in  properties  of  the  broken  pieces 
was  retained  for  days,  until  after  fertilization,  since  joining  does  not 
occur  in  the  spermatozoon  stage. 

Another  objection  to  applying  the  idea  to  Drosophila  would  seem  to  lie 
in  the  indirect  evidence  obtained  by  Baker  and  Sgourakis  (1949,  1950) 
and  the  direct  evidence  by  Baker  and  Von  Halle  (1952)  that  the  presence 
of  oxygen  as  opposed  to  nitrogen  during  X  irradiation  results  in  the 
production  of  more  dominant  lethals.  Since  these  lethals  are  caused 
mainly  by  unrestituted  single  breaks,  this  result  may  be  interpreted  as 
meaning  that  oxygen  acts  by  increasing  breakage.  However,  certain 
features  of  the  data  of  Baker  and  Von  Halle  have  caused  them  to  question 
this  conclusion.  One  of  the  features  mentioned  by  them,  namely,  the 
smaller  amount  of  increase  of  dominant  lethals  than  of  chromosome 
aberrations  by  oxygen,  is  only  to  be  expected  on  any  view,  because  of  the 
former  being  mainly  one-hit  and  the  latter  multihit  phenomena.  The 
other  feature,  the  lesser  amount  of  oxygen  effect  on  sperm  used  the  second 
day  as  compared  with  those  used  the  first  day  after  irradiation,  would  not 
seem  to  offer  greater  difficulties  on  the  view  of  oxygen  affecting  breakage 
than  on  that  of  its  affecting  union.  Similarly,  in  studies  by  Haas  et  al. 
(1952)  on  the  X-ray  induction  of  translocations  in  Drosophila,  the  pro- 


562  RADIATION   BIOLOGY 

moting  effect  of  oxygen  was  found  to  be  slight  under  the  special  condition 
of  a  near-freezing  temperature;  yet  this  result  likewise  appears  ecjually 
difficult  to  interpret  on  either  view  of  the  oxygen  effect. 

Since  much  of  the  effect  of  ionizing  radiation  in  producing  chromosome 
aberrations  in  Tradescantia  is  found  to  be  exerted  through  the  oxygen 
that  is  present,  it  might  be  possible  to  increase  or  decrease  the  effect  by 
making  the  oxygen  more  or  less  available,  respectively,  in  an  active  form. 
In  this  connection  it  may  be  recalled  that,  according  to  the  scheme  sug- 
gested by  Wyss  et  at.  (1948),  azide,  by  inactivating  catalase,  cytochrome 
oxidase,  and  enzymes  with  related  functions,  causes  more  oxygen  to  be 
left  in  the  cell  and  that  a  part  of  this  oxygen  is  then  converted  into 
hydrogen  peroxide  by  the  flavone  enzymes  present,  a  process  which  is 
increased  by  the  promoting  effect  of  oxygen  on  the  activity  of  the  flavones. 
In  accordance  with  this,  Wyss  and  co-workers  found  that  azide  enhances 
the  spontaneous-mutation  frequency.  Since  carbon  monoxide  resembles 
azide  in  that  it  too  inactivates  cytochrome  oxidase,  it  might  be  thought  to 
have  a  similar  effect  on  mutagenesis.  The  effect  of  carbon  monoxide  on 
the  production  of  chromosomal  changes  in  Tradescantia  microspores  was 
tested  by  King,  Schneiderman,  and  Sax  (1952).  They  found  that, 
unlike  azide  on  Staphylococcus  and  cyanide  on  Neurospora,  it  does  not  act 
as  a  mutagen  by  itself.  However,  when  it  was  present  during  exposure 
to  X  rays  (but  not  when  given  as  a  pre-  or  posttreatment)  it  did  cause  a 
considerable  increase  in  the  aberration  frequency.  Presumably  this  was 
through  promotion  of  breaks  by  making  more  oxygen  available  in  some 
active  form,  although  it  is  not  clear  why  it  had  no  such  effect  by  itself  or 
in  what  manner  it  worked  synergistically  with  the  radiation. 

A  curious  feature  of  these  results  was  that,  when  additional  oxygen 
was  provided  along  with  the  carbon  monoxide,  besides  the  amount  pres- 
ent in  air,  the  enhancing  effect  of  the  monoxide  on  aberration  production 
disappeared,  and  only  the  relatively  small  amount  of  enhancement 
remained  which  the  additional  oxygen  alone  would  have  exerted  on  the 
radiation  effect.  This  was  explained  by  these  investigators  on  the  basis 
of  the  fact  that  oxygen  is  known  to  reactivate  cytochrome  oxidase  when 
the  latter  is  inhibited  by  carbon  monoxide.  Thus  the  oxygen  was  in  this 
case  playing  a  dual  role,  that  of  indirectly  (by  aiding  the  cytochrome 
oxidase)  blocking  the  production  of  aberrations  and  of  directly  promoting 
them.  In  view  of  these  complicated  counteractions  it  is  not  surprising 
that  Haas  et  al.  (1952),  in  testing  the  effects  of  different  combinations  of 
carbon  monoxide,  carbon  dioxide,  and  oxygen  on  the  production  of  trans- 
locations in  Drosophila,  have  found  that,  in  some  mixtures  which  include 
carbon  monoxide,  the  frequency  of  translocations  is  actually  reduced. 

It  has  recently  been  shown  by  Conger  and  Fairchild  (1951,  1952a,  b) 
that  oxygen  by  itself,  applied  at  1  atm  pressure  for  1  hour  to  dry  Trades- 
cantia pollen,  results  in  a  frequency  of  aberrations  equal  to  that  from 
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about  1200  r.  The  reaction  is  not  in  any  part  prevented  by  posttreat- 
ment  with  light.  Since  it  is  extremely  unlikely  that  enough  breaks  occur 
normally  to  give  this  frequency  of  aberrations  when  the  joining  of  their 
ends  is  interfered  with,  it  seems  clear  that  this  effect  of  oxygen  at  least  is 
on  the  breakage  process.  Moreover,  it  is  noteworthy  that  the  effect  of 
the  oxygen  was  nearly  doubled  when  a  dose  of  only  2  r  of  7  rays  was 
applied  at  the  same  time,  i.e.,  there  seems  to  be  a  synergism  of  the  effects 
of  the  oxygen  and  of  the  ionizing  radiation.  Nevertheless,  the  mutagenic 
pathways  of  these  two  agents  must  in  this  case  differ  considerably  since 
in  their  latest  work  Conger  and  Fairchild  (1952b)  find  that  temperature, 
and  also  moisture,  influence  the  effects  of  the  two  agents  differently.  It 
is  concluded  that  this  mutagenic  action  of  oxygen  by  itself  is  indirect, 
i.e.,  via  metabolic  processes.  The  question  why  the  chromosomes 
of  this  particular  material  are  broken  so  readily  by  mere  oxygen  is  obvi- 
ously an  involved  chemical  one  that  demands  detailed  knowledge  of  the 
enzymes  and  other  protoplasmic  materials  present.  At  the  same  time, 
the  fact  that  light  does  not  counteract  the  effect  suggests  that  the  pres- 
ence of  inactive  cytochrome  does  not  explain  the  problem  since  this 
oxidase  tends  to  be  activated  by  light. 

Not  only  the  frequency  of  chromosome  aberrations  but  also  that  of 
phenotypically  recognizable  mutations,  most  of  them  probably  point 
mutations,  is  increased  by  the  influence  of  oxygen  present  during  expo- 
sure to  ionizing  radiation.  Thus,  D'Amato  and  Gustafsson  (1948)  noted 
an  increase  in  the  frequency  of  visible  mutations  induced  by  X  rays  in 
barley  seeds  when  hydrogen  peroxide  was  added  to  the  water  in  which 
the  seeds  were  soaked  before  irradiation.  Ozone  applied  to  Drosophila 
males  during  X  irradiation,  or  by  itself,  caused  no  detectable  increase  in 
the  frequency  of  lethals  induced  (Telfer  and  Muller,  1950,  unpublished 
data),  but,  since  ozone  is  highly  toxic,  it  was  probably  impossible  to  give 
a  sufficient  dose.  Baker  and  Sgourakis  (1949,  1950),  on  the  other  hand, 
found  that  Drosophila  males  exposed  to  X  rays  in  ordinary  oxygen  pro- 
duced offspring  with  decidedly  more  lethals  (about  40-70  per  cent  more) 
than  males  exposed  to  X  rays  in  nitrogen.  This  was  true  even  at  the 
relatively  low  dose  of  1000  r,  where  few  of  the  lethals  are  associated  with 
chromosomal  changes.  By  analogy,  these  results  on  gene  mutations 
would  support  the  view  that  breakage  rather  than  restitution  is  the 
process  affected  by  oxygen  in  its  influence  on  chromosome  aberrations. 
In  later  work.  Baker  and  Edington  (cited  by  Hollaender,  Baker,  and 
Anderson,  1952)  found  that  the  curve  relating  lethal  frequency  to  oxygen 
concentration  in  Drosophila  is  similar  to  the  curves  for  chromosome 
changes  and  the  mitotic  inhibition,  which  have  already  been  discussed,  in 
showing  a  decided  bend  toward  the  horizontal  as  the  pressure  of  oxygen 
in  air  is  approached.  This  is  again  an  indication  that  all  these  effects 
stem  in  common  from  a  given  type  of  change  in  the  protoplasmic  fluid. 
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The  effect  of  oxygen  applied  during  X  irradiation  in  increasing  the  fre- 
quency of  mutations  has  been  extended  to  microorganisms  by  Kimball 
and  Gaither  (1951),  working  on  Paramecium  aurclia;  by  Stapleton  and 
Hollaender  (1952),  on  Aspergillus;  and  by  Anderson  (1951),  on  E.  coli. 
In  the  work  on  Aspergillus,  already  mentioned  for  its  bearing  on  the  influ- 
ence of  water  content,  both  wet  spores  (suspended  in  buffer)  and  dry 
spores  were  irradiated  with  and  without  oxygen,  respectively,  forming 
four  groups.  The  frequency-dose  curve  for  morphological  mutants  was 
for  all  groups  linear  for  the  lower  effective  doses,  an  indication  of  the 
gene-mutational  nature  of  these  mutants,  but  convex  for  the  higher 
doses,  where,  in  the  reviewer's  opinion,  an  appreciable  proportion 
probably  represented  multihit  chromosome  aberrations.  Both  types  of 
mutations  were  obviously  greatly  furthered  by  the  presence  of  oxygen, 
in  the  wet  as  well  as  in  the  dry  spores.  However,  in  the  absence  of 
oxygen  the  wet  spores  had  only  a  slightly  higher  mutation  rate  than  the 
dry  ones. 

In  E.  coli  one  of  the  two  types  of  mutations  studied,  the  back  mutation 
to  streptomycin  independence,  showed  a  linear  frequency-dose  relation 
to  radiation,  indicating  a  one-hit  effect,  as  is  usual  for  gene  mutations, 
and  the  effective  X-ray  dose  was  increased  about  20  per  cent  for  each 
dose  when  oxygen  was  substituted  for  nitrogen.  For  the  killing  effect, 
on  the  other  hand,  the  frequency-dose  curve  was  highly  concave,  as 
though  resulting  from  a  multihit  effect;  moreover,  in  harmony  with  the 
multihit  conception  if  oxygen  influences  the  effectiveness  of  each  hit 
separately,  oxygen  as  contrasted  with  nitrogen  gave  a  23^^-  to  3-fold 
increase  in  the  effective  dose. 

Strangely,  the  other  type  of  mutation  studied,  the  back  mutation  to 
purine  independence,  showed  the  same  highly  concave  frequency-dose 
curve  as  the  killing  effect  and  also  the  same  large  increase  in  effective 
dose  when  oxygen  was  substituted  for  nitrogen,  so  that  the  frequencies 
of  this  type  of  mutation  and  of  killing  were  throughout  proportional  to 
each  other.  It  therefore  appeared  as  though  the  second  type  of  mutation 
constituted  a  less  direct  effect  than  the  first  and  might  have  resulted  from 
the  same  kind  of  protoplasmic  change  which  also  led  to  killing.  If  this 
interpretation  should  be  correct  and  if  this  type  of  mutation  is  repre- 
sentative of  any  considerable  class  common  to  many  kinds  of  organisms, 
a  considerable  modification  of  the  current  view  that  most  mutations  are 
single-hit  phenomena  would  be  required  and  perhaps  also  of  the  view, 
proposed  on  pp.  505  50(5,  that  the  concavity  of  the  frequency-dose  curve 
of  Aspergillus  and  of  some  other  organisms  at  higher  doses  results  from 
the  addition  of  the  position  effects  of  chromosome  aberrations  to  the 
single-hit  gene-mutation  curve.  A  further  investigation  of  this  matter, 
in  organisms  in  which  the  mutations  can  be  analyzed  genetically  or  cyto- 
logically,  becomes  of  fvmdamental  importance. 
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16.  INFLUENCE  OF  TEMPERATURE,  INFRARED, 
AND   OTHER  PHYSICAL  FACTORS  ON  HIGH-ENERGY  MUTAGENESIS 

Early  experiments  of  Stadler  (1928c)  on  dry  barley  seeds  showed 
no  significant  influence  of  temperature  on  the  induced-mutation  rate. 
Experiments  of  Muller  (1930)  on  sex-linked  lethals  induced  in  Drosophila 
spermatozoa  had  indicated  a  somewhat  higher  frequency  when  the  irradi- 
ation was  carried  out  at  a  cold  (5°C)  than  at  a  warm  (37°C)  temperature, 
and  a  similar  more  marked  efTect  in  the  same  direction  (1930,  unpub- 
lished data)  was  obtained  for  chromosome  aberrations.  However,  it  was 
thought  that  these  differences  might  have  been  caused  by  the  faulty  tech- 
niciue  of  having  used  a  copper  container,  to  the  scattered  secondary  radi- 
ation of  which  the  flies  at  the  cold  temperature  might  have  been  more 
exposed  because  of  their  lying  immobilized  directly  upon  it  when  at  this 
temperature.  Subsequent  tests  of  the  same  type  on  Drosophila  lethals 
by  Medvedev  (1935b,  1938)  and  on  translocations  by  Papalashwili 
(1935)  again  gave  higher  frequencies  for  the  cold  series,  for  both  types  of 
changes,  but  still  were  not  clearly  free  of  technical  sources  of  error.  For 
example,  in  Medvedev's  work  one  series  had  been  warmed  with  a  glass 
coil  containing  air  while  the  other  had  been  cooled  with  a  coil  containing 
water,  which  gives  more  scattered  radiation.  Certain  later  tests  on 
Drosophila  lethals  by  Timofeeff-Ressovsky  (Timofeeff-Ressovsky,  1937a; 
Timofeeff-Ressovsky  and  Zimmer,  1939)  and  on  Drosophila  translocations 
by  Makhijani  (see  Muller,  1940,  1941a,  b;  Makhijani,  1945)  gave  results 
that  appeared  negative.  However,  definitely  positive  results  showing  a 
considerably  higher  frequency  of  translocations  in  the  cold  series  were 
obtained  by  Mickey  (1939)  and  by  Kanellis  (1946).  Moreover,  E.  D. 
King  (1947),  Baker  and  Sgourakis  (1949,  1950),  and  Novitski  (1949)  have 
obtained  the  same  type  of  effect  for  sex-linked  lethals.  Thus  there  can 
no  longer  be  any  doubt  about  the  enhancing  effect  of  cold  on  the  induc- 
tion of  both  chromosome  changes  and  point  mutations  in  Drosophila 
spermatozoa. 

That  the  influence  on  sex-linked  lethals  was  mainly  exerted  on  gene 
mutations  is  shown  by  the  finding  in  the  work  of  Baker  and  Sgourakis 
that  the  effect  is  about  as  strong  with  a  dose  of  1000  r  as  at  higher  doses, 
even  though  far  fewer  of  the  lethals  can  have  been  associated  with  chro- 
mosome changes  at  1000  r.  Their  work  is  also  more  analytical  than  that 
of  the  other  investigators  in  that  it  shows  the  promoting  effect  of  cold  on 
lethal  frequency  to  be  produced  only  when  oxygen  is  present.  This  indi- 
cates that  in  their  experiments  the  cold  effect  results  mainly  from  the  fact 
that  more  oxygen  is  dissolved  in  the  tissues  at  the  lower  temperature. 
This  effect  is  probably  intensified  by  the  lower  rate  of  withdrawal  of 
oxygen  by  metabolic  processes  at  lower  temperatures.  In  view  of  the 
findings  in  plant  material,  already  cited,  of  an  increased  production  of 
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chromosome  changes  by  high-energy  radiation  when  oxygen  is  present, 
probably  through  an  effect  on  breakage,  it  seems  very  Hkely  that  the 
temperature  influence  on  chromosome  aberrations  in  Drosoyhila  is  also, 
mainly  at  least,  an  effect  on  the  breakage  process  exerted  by  the  greater 
amount  of  oxygen  present  at  lower  temperatures.  However,  it  is  sug- 
gested by  the  findings  reported  by  Haas  et  al.  (1952)  on  Drosophila  trans- 
locations, findings  which  are  rather  divergent  from  those  of  Baker  and 
Sgourakis,  that  temperature  may  also  have  an  effect  of  its  own  on  the 
result. 

In  this  connection,  the  findings  of  D.  Lewis  (1949)  on  the  influence  of 
temperature  on  the  frequency  of  X-ray-induced  mutations  of  the  self- 
sterility  gene,  S,  in  Oenothera  onagrensis  are  of  much  interest.  Lewis 
reports  a  marked  increase  of  frequency  of  these  mutations  (which  are 
almost  certainly  gene  mutations)  with  rise  in  temperature,  when  the 
irradiation  and  temperature  are  applied  during  the  early  prophase  of  the 
first  meiotic  division.  However,  as  the  metaphase  is  approached,  the 
induced-mutation  frequency  rises  to  about  the  same  extent  (two  to  three 
times)  even  without  raising  the  temperature,  and  a  rise  in  temperature 
at  the  period  (metaphase)  of  the  maximum  induced  rate  fails  to  raise  the 
frecjuency  further. 

It  may  be  recalled  that  several  investigators  (Sax  and  Enzmann,  1939; 
Faberge,  1940b;  Rick,  1940;  Sax  and  Brumfield,  1943;  Catcheside,  Lea, 
and  Thoday,  1946)  had  obtained  more  abundant  chromosome  aberrations 
in  Tradescantia  when  lower  temperatures  were  used  during  and/or  for  an 
hour  after  irradiation  (although,  according  to  Faberge,  1947,  the  effect  is 
only  produced  by  temperatures  applied  during  irradiation),  and  they  had 
interpreted  this  result  as  being  caused  by  a  promoting  effect  of  higher 
temperature  on  the  joining  (and  more  especially  on  the  restitutional  join- 
ing) of  broken  ends.  There  must  undoubtedly  be  more  opportunity  for 
exchange  unions  when  irradiation  is  carried  out  at  a  low  temperature, 
in  cases  in  which  joining  can  occur  to  an  appreciable  extent  during  expo- 
sure, provided  that  the  exposure  occupies  an  appreciable  portion  of  the 
period  during  which  unions  occur;  for  the  delay  of  union  caused  by  the 
low  temperature  will  make  more  breaks  available  simultaneously  for 
exchange  union.  It  has,  however,  become  evident  that  such  effects  do 
not  constitute  the  whole  story.  For  one  thing,  Darlington  and  La  Cour 
(1945)  brought  out  the  point  that  in  some  types  of  work,  temperature,  by 
influencing  the  rate  of  development  of  successive  phases  of  the  mitotic 
cycle,  will  occasion  differences  in  the  number  of  aberrations  scored  at  any 
fixed  time  after  exposure,  even  in  cases  where  the  number  actually  pro- 
duced is  the  same.  Illustrating  a  different  point  was  the  fact  that,  even 
in  the  early  experiments  of  Faberge  (1940b),  the  temperature  effect  was 
found  to  be  about  as  strong  for  fractionated  as  for  continuous  doses. 
This  might  have  been  interpreted  to  mean  that  the  frequency  of  break- 
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age  itself  was  being  affected.  The  same  effect  might  also  have  been 
suspected  from  the  finding  by  Catcheside,  Lea,  and  Thoday  (cited  by 
Catcheside,  1948)  that  the  frequency  of  aberrations  shows  a  strong 
negative  correlation  with  the  temperature  existing  during  the  exposure 
time,  even  when  that  time  is  kept  so  short  that  the  frequency  is  little 
influenced  by  changes  in  the  time-intensity  relation. 

With  the  demonstration  by  Thoday  and  Read  of  the  oxygen  effect  on 
aberration  production  by  X  rays  and  the  parallel  work  of  Stone  and 
co-workers  on  ultraviolet  mutations,  the  question  arose:  To  what  extent 
might  the  temperature  effects  on  high-energy-induced  genetic  changes  be 
exerted  through  the  influence  of  temperature  on  oxygen  concentration? 
The  work  of  Baker  and  Sgourakis  (1949,  1950)  and  that  of  Haas  et  at. 
(1952),  bearing  on  this  matter  in  so  far  as  the  production  of  lethals  in 
Drosophila  was  concerned,  have  already  been  cited.  Evidence  regarding 
the  same  ciuestion,  in  its  relation  to  the  prodviction  of  chromosome  aberra- 
tions in  Tradescantia  pollen,  was  obtained  by  Faberge.     He  had  found 

(1948)  that  ripe  Tradescantia  pollen  survived  freezing  in  liquid  air 
(  — 192°C)  and  that  at  this  temperature  a  given  dose  of  X  rays  produced 
only  about  a  fifth  as  many  chromosome  breaks  (as  scored  at  a  later 
stage)  as  it  did  at  25°C.  This  is  quite  in  contrast  to  the  increase  observed 
when  the  temperature  at  irradiation  is  lowered  from  25°  to  2°C.     Faberge 

(1949)  further  noted  that,  as  the  temperature  is  lowered  from  a  little 
above  freezing,  there  is  a  distinct  dip  in  mutation  production  at  0°C  and 
that  further  lowering  of  the  temperature  causes  a  gradual  decrease  in 
mutation  production.  He  called  attention  to  the  correspondence  between 
his  curve  relating  temperature  to  breakage  frequency  and  the  curve 
observed  by  Bonet-Maury  and  Lefort  (1948)  relating  temperature  to 
hydrogen  peroxide  production  in  water  containing  oxygen.  He  took 
these  results  to  mean  that  breakage  had  been  influenced  through  an 
effect  involving  the  oxygen  present  and  that  the  atomic  changes  responsi- 
ble for  the  affected  breakages  had  been  initiated  in  material  other  than 
that  which  finally  underwent  breakage,  in  opposition  to  the  target 
hypothesis  in  its  strictest  form.  At  the  same  time,  he  noted  that  there  is 
still  a  residuum  of  breaks  even  at  temperatures  so  low  (below  —  116°C) 
that  hydrogen  peroxide  production  in  water  has  completely  stopped. 

A  similar  pronounced  decrease  in  the  killing  effect  of  X  rays  on  digitalis 
and  lupin  pollen  and  fern  spores,  when  irradiated  at  liquid-air  tempera- 
ture, was  noted  by  B.  Rajewsky  (cited  by  Howard,  1950).  Strangely, 
Rajewsky  found  that,  when  the  spores  were  at  the  same  time  dried  beyond 
a  certain  degree,  the  effect  was  again  somewhat  increased.  On  the  other 
hand,  Faberge  (1950)  reported  that  at  liquid-air  temperature  the  substi- 
tution of  nitrogen  for  oxygen  during  X  irradiation  did  not  affect  the  fre- 
quency of  breaks,  although,  as  expected,  it  decreased  their  frequency  at 
temperatures  above  freezing. 
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To  determine  whether  temperature  during  X  irradiation  in  the  tolerated 
range  above  freezing  (0.6°-40°C)  exerts  its  effect  on  aberration  production 
in  Tradescantia  microspores  solely  through  its  influence  in  decreasing  the 
amount  of  dissolved  oxygen  at  higher  temperatures,  Giles,  Beatty,  and 
Riley  (1951)  tested  the  effect  of  changing  the  temperature  while  holding 
the  outside  partial  pressure  of  oxygen  constant  {\'2Q  and  0  atm,  respec- 
tively) and  of  changing  the  outside  oxygen  pressure  while  holding  the 
temperature  constant  (27°C).  The  results  indicated  that  only  a  part  of 
the  effect  of  temperature  in  this  range  is  caused  by  its  influence  on  oxygen 
concentration;  for  when  there  is  outside  oxygen  present  and  it  is  held 
constant,  there  is  some  additional  mechanism  which  also  acts  to  cause 
the  production  of  fewer  aberrations  (and,  presumably,  fewer  primary 
breaks)  at  higher  temperatures.  It  is  not  clear,  however,  just  what  varia- 
tions occur  in  the  intracellular  oxygen  under  these  conditions.  More- 
over, paradoxically,  when  all  outside  oxygen  is  absent,  higher  tempera- 
tures in  this  "normal"  range  have  the  reverse  effect,  that  of  promoting 
aberrations. 

The  complexity  of  temperature  influence  shown  in  the  results  of 
Faberge,  of  Lewis,  of  Haas  et  al.,  and  of  Giles,  Beatty,  and  Riley  is  perhaps 
not  too  surprising  once  it  is  realized  that  breakage  and  mutation  (and 
joining  also)  depend  on  a  chain  of  chemical  events,  readily  influenced  by 
varied  reactions  occurring  in  the  protoplasm.  In  view  of  this  it  is  also 
understandable  that  these  temperature  effects  will  not  be  identical  in  all 
biological  objects  or  on  all  types  of  genetic  changes.  This  is  evidenced, 
for  example,  by  the  finding  of  Baker  and  vSgourakis  (1949,  1950)  that,  in 
Drosophila  spermatozoa  in  the  absence  of  oxygen,  no  temperature  effect  on 
lethal  production  is  to  be  found  and  by  the  findings  of  Kaplan  (1951)  that 
in  dry  dormant  barley  seeds  (unlike  the  Tradescantia  pollen  in  Faberge's 
experiments)  the  frequencies  of  both  chromosome  aberrations  and  visible 
mutations  are  unaffected,  regardless  of  whether  the  X  irradiation  is  con- 
ducted at  17°  or  —  65°C  or  followed  by  a  posttreatment  at  —  65°C.  The 
same  consideration  may  also  help  to  reconcile  the  contradictory  results 
obtained  in  some  of  the  other  experiments  on  the  temperature  effect  in 
Drosophila. 

In  all  work  on  the  effect  of  temperature  on  the  production  of  chromo- 
some changes,  its  possible  influence  on  the  process  of  union  is  also  to  be 
taken  nito  account.  Thus,  in  some  other  work  of  Faberge  (1947)  on 
Tradescantia  microspores,  it  was  found  that  mere  changes  in  temperature 
in  either  direction  favored  the  production  of  aberrations,  presumably  by 
creating  convection  currents  which  moved  the  chromosome  pieces  about. 

Still  other  modes  of  action  of  temperature  seem  to  be  involved  in  the 
influence  of  high-temperature  shocks.  Caldecott  and  Smith  (1951), 
working  with  dry  dormant  barley  seeds,  found  that  either  a  pretreatment 
or  a  posttreatment  with  a  temperature  of  about  80°C  for  >^  hour  (a 
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procedure  which  by  itself  was  not  mutagenic)  reduced  the  frequency  of 
chromosomal  aberrations  produced  by  X  rays  by  30-50  per  cent  and  that 
the  pretreatment,  at  least,  reduced  the  injury  to  growth  significantly  also. 
On  the  other  hand,  the  frequency  of  visible  mutations  was  influenced  in 
the  opposite  direction  by  either  the  previous  or  subsequent  heat  shock, 
being  increased  by  30-50  per  cent.  This  oppositeness  in  effects  on 
aberrations  and  visible  mutations  had  previously  been  noted  by  Kaplan 
when  certain  chemical  treatments  were  used  with  X  rays  on  barley  seeds 
(see  pp.  575-576). 

Visible  evidence  of  a  semipermanent  change  in  the  properties  of  chromo- 
somes caused  by  heat  shock  has  recently  been  reported  by  Gaulden 
(1951).  She  found  that  the  chromosomes  in  neuroblast  cells  of  grass- 
hopper embryos  exposed  to  47°C  for  6  minutes  underwent  an  increase  in 
their  refractive  index,  accompanied  by  the  development  of  birefringence 
in  polarized  light,  and  that  this  visible  alteration  persisted  through 
several  cell  generations  after  treatment.  It  would  be  strange  if  such  a 
change  were  unaccompanied  by  differences  in  the  behavior  of  the  chromo- 
somes or  of  their  pieces. 

As  for  the  promoting  effect  of  heat  shocks  on  point  mutations  in 
barley,  there  is  too  much  room  for  different  hypotheses  to  make  specula- 
tion seem  very  profitable.  Possibly  certain  metabolic  processes  are 
interfered  with  (as  by  enzyme  inactivation)  which  normally  tend  to  pre- 
vent the  completion  of  gene  mutations.  In  this  connection  attention 
may  again  be  called  to  the  findings  of  Hollaender  on  E.  coli  and  of  Meyer 
and  Muller  as  well  as  Edmondson  and  Meyer  on  Drosophila,  all  of  which 
showed  that  the  production  of  mutations  by  ultraviolet  was  in  part  pre- 
vented by  aftertreatment  at  a  normally  warm  temperature,  as  opposed 
to  a  cool  but  not  freezing  temperature.  In  these  cases,  in  which  the 
warmth  was  insufficient  to  constitute  a  heat  shock,  the  process  involved 
was  opposite  in  its  effect  on  point  mutations  to  the  promoting  influence 
of  heat  shocks  on  X-ray-induced  mutations.  It  seems  not  unlikely 
that  a  similar  reparative  process  may  take  place  to  some  extent  with 
ionizing  radiation  also,  just  as  Watson  (1950)  showed  that,  in  phage, 
"  photoreactivation  "  works  to  a  certain  extent  even  after  ionizing  radia- 
tion, although  not  as  powerfully  as  after  ultraviolet.  If  this  is  the  case, 
then  heat  shocks  might  well  act  on  point  mutations  in  the  opposite  direc- 
tion from  mere  warmth,  by  hindering  the  occurrence  of  the  reparative 
metabolic  reactions  which  are  promoted  by  a  degree  of  warmth  within  the 
normal  range.  In  any  event,  temperature  change  is  most  complicated 
in  its  possibilities. 

The  influence  of  infrared  in  promoting  the  production  of  chromosome 
aberrations  by  X  rays  was  discovered  by  Kaufmann,  Hollaender,  and 
Gay  (1946),  working  with  cytologically  detected  changes  induced  by 
irradiation  of  Drosophila  spermatozoa,  and  by  Swanson  and  Hollaender 
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(1946),  working  with  Tradescantia.  In  the  first  experiments  with 
Drosophila  the  technique  allowed  only  the  effect  of  infrared  pretreatment 
(i.e.,  that  given  before  X  irradiation)  to  be  discovered,  but  soon  after- 
ward posttreatment  also  (given  before  and  at  about  the  time  of  fertiliza- 
tion) was  found  effective  (Kaufmann,  1946).  When  nitrogen  mustard 
instead  of  X  rays  was  used,  pretreatment  with  infrared,  although  appar- 
ently not  posttreatment,  was  found  to  have  a  similar  effect  in  promoting 
aberrations  to  that  which  it  had  with  X  rays  (Kaufmann,  Gay,  and 
Rothberg,  1949). 

In  the  experiments  with  X  rays,  dominant  lethals  were  not  noticeably 
increased  by  the  infrared,  nor  were  recessive  lethals  (Kaufmann  and 
Gay,  1946,  1947a,  b).  Although,  as  noted  on  p.  503,  the  numbers  of 
recessive  lethals  were  in  fact  insufficient  to  show  whether  they  had  been 
increased  by  an  amount  which  would  correspond  with  the  position  effects 
to  have  been  expected  on  the  basis  of  the  increased  frequency  of  struc- 
tural changes,  nevertheless,  it  was  clear  that  the  gene-mutation  frequency 
could  not  have  been  increased,  unless  by  an  amount  far  less  than  that  of 
structural  changes.  Support  for  this  conclusion  is  to  be  found  in  the 
fact  that  in  the  fungi  A.  terreus  and  Trichophyton  mentagrophytes,  Hol- 
laender  and  Swanson  (1947)  and  Swanson,  Hollaender,  and  Kaufmann 
(1948)  found  that  infrared  pretreatment  increases  the  rate  of  morpho- 
logical mutations  produced  by  X  rays  (provided  it  is  admitted  that  in 
these  fungi  a  portion  of  these  mutants  are  position  effects,  see  Sect.  5), 
whereas  infrared  pretreatment  did  not  increase  the  rate  of  ultraviolet- 
induced  mutations,  which  are  thought  to  be  predominantly  genie. 

In  Tradescantia  microspores  exposed  to  X  rays  21  hours  before  examina- 
tion, at  a  time  when  the  breaks  produced  would  be  expected  to  affect 
only  individual  chromatids,  it  was  found  by  Swanson  (1947)  that  infrared 
posttreatment  given  as  late  as  4  hours  after  X  irradiation  markedly 
increases  the  frequency  of  single  chromatid  breaks  and  chromatid 
changes.  Later  Swanson  (1949)  found  that  double  (iso-)  chromatid 
breaks  are  promoted  also,  although  to  a  lesser  extent.  The  same  experi- 
ments showed  that  pretreatments  are  effective  at  least  as  long  as  96  hours 
before  X  irradiation  without  a  noticeable  diminution  of  their  influence, 
and  Yost  (1950)  found  that,  when  exposure  to  X  rays  is  done  early 
enough  for  a  study  of  the  matter,  posttreatments  are  still  effective  96 
hours  after  X  irradiation.  It  was  then  discovered  by  Swanson  and  Yost 
(1951a,  b)  that  a  heat  shock  of  48°C  for  only  3-^  minute,  if  interposed 
between  either  an  infrared  pretreatment  or  a  posttreatment  and  the 
X  irradiation,  blocks  the  influence  of  the  infrared  in  promoting  the  aberra- 
tions, so  that  only  the  same  aberration  frequencies  are  obtained  as  with 
X  rays  alone.  Even  an  amount  of  heat  as  low  as  23°C  (in  experiments  in 
which  this  was  applied  during  X  irradiation)  seemed  to  block  the  infrared 
effect,  although  the  effect  was  pronounced  at  18°C  and  lower.     Unhke 
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the  result  in  Caldecott  and  Smith's  work,  the  heat  shock  did  not  reduce 
aberration  frequency  when  X  rays  were  used  without  infrared.  More- 
over, the  heat  shock  did  not  reduce  the  frequency  if  it  was  applied  before 
the  infrared  pretreatment. 

It  has  been  debated  whether  the  infrared  acts  by  promoting  other  types 
of  union  in  preference  to  restitution,  as  argued  by  Kaufmann,  or  by 
promoting  chromosome  breakage  itself,  as  argued  chiefly  by  Hollaender 
and  Swanson.  If  gene  mutations  are  regarded  as  being  usually  associated 
with  breakage,  then  the  lack  of  effect  of  infrared  on  them  is  opposed  to 
the  idea  that  breakage  is  promoted,  but  evidence  has  been  presented  on 
pp.  496-507  against  such  an  association.  The  relative  lack  of  effect  of 
infrared  in  promoting  dominant  lethals  in  Drosophila,  however,  appears  to 
offer  a  more  pertinent  argument  against  an  effect  on  breakage.  On  the 
other  hand,  this  seems  to  be  contradicted  by  the  finding  that  in  Trades- 
cantia  there  are  more  unrestituted  breaks  found  after  infrared  has  been 
used  with  X  rays,  although  actually  this  finding  could  be  interpreted  on 
either  view.  However,  the  main  argument  offered  by  Swanson  is  based 
on  the  fact  that  infrared  remains  as  effective  in  Tradescantia  when  applied 
many  hours  after  X  irradiation  as  when  applied  1  hour  after.  It  had 
been  deduced  by  Sax  and  others  on  the  basis  of  their  studies  of  the 
influence  of  timing  of  irradiation,  temperature,  and  centrifuging  on  the 
frequency  of  different  kinds  of  aberrations  in  Tradescantia  that  very  few 
breaks  remained  unjoined  and  unhealed  after  1  hour.  If  this  is  true 
(despite  the  objections  raised  by  Lane),  it  is  necessary  to  conclude  that 
infrared  given  later  than  1  hour  after  X  irradiation  can  have  little 
influence  in  increasing  aberration  frequency  except  by  causing  more 
breaks  to  occur. 

This  inferred  promotion  of  breaks  by  infrared,  an  agent  which  does  not 
by  itself  produce  breaks,  is,  on  the  view  suggested  by  McElroy  and 
by  Swanson  and  Yost,  brought  about  by  the  induction  in  the  chromosome 
of  a  relatively  high-energy  metastable  state  which,  in  combination  with  a 
different  metastable  state  induced  by  X  rays,  can  result  in  a  break. 
Either  kind  of  metastable  state,  on  this  interpretation,  would  be  returned 
to  the  original  state  by  the  degree  of  thermal  agitation  arising  from  a  heat 
shock.  Thus  a  heat  shock  interposed  between  an  infrared  and  an  X-ray 
application  would  pre\'ent  the  occurrence  of  the  combination  effects 
which  give  rise  to  the  additional  breaks,  not  produced  by  X  rays  alone. 

The  question  at  issue  cannot  yet  be  regarded  as  settled.  Meanwhile, 
difficulties  remain  on  either  view.  For  example,  on  the  breakage  view 
the  rather  special  assumption  must  be  made  that  neither  X  rays  nor 
infrared  gives  rise  to  a  metastable  state  which,  by  accumulation  of  two 
or  more  incitements  of  the  same  derivation  (i.e.,  all  from  infrared  or  all 
from  X  rays),  can  result  in  a  break  but  that  only  the  combination  of  the 
two  different  metastable  states  can  effect  a  break.     Otherwise,  infrared 
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alone  would  cause  breaks,  and/or  X  rays  without  infrared  would  cause 
breaks,  the  frequency  of  which  would  be  proportional  to  a  power  of  the 
X-ray  dose  higher  than  1.  Again,  the  assumption,  required  on  the  break- 
age view,  that  infrared  promotes  breakage  but  does  not  affect  gene  muta- 
tion, seems  less  plausible  than  that  it  affects  union  of  ends  but  not  break- 
age or  gene  mutation  (even  though  it  is  known  that  some  conditions,  e.g., 
sperm  maturity  in  Drosophila,  as  shown  by  Liining,  can  affect  breakage 
but  not  gene  mutation).  A  third  difficulty  for  the  breakage  view  arises 
from  the  finding  of  Yost  (1950)  that  whether  chromosome  or  chromatid 
aberrations  are  produced  depends  solely  on  the  stage  at  which  the  X  rays 
were  applied  and  not  on  the  stage  at  which  infrared  was  applied.  Finally, 
the  conclusion  that  very  few  broken  ends  remain  open  in  Tradescantia 
microspores  for  many  hours  after  treatment  has,  as  previously  noted, 
been  challenged  by  Lane;  if  this  conclusion  should  not  hold,  then  the 
chief  argument  for  breakage,  based  on  the  long  time  after  X  irradiation 
during  which  infrared  can  still  be  effective,  would  lose  its  cogency. 

In  any  case,  however,  the  promoting  effect  of  infrared  on  aberrations 
is  undoubtedly  a  long  persisting  one,  and  in  that  sense  at  least  it  consti- 
tutes a  metastable  state,  as  does  also  the  preventing  effect  of  heat  shock 
on  aberrations  noted  by  Caldecott  and  Smith.  Whether  this  effect  of 
heat  is  related  to  the  one  dealt  with  by  Swanson  and  Yost  and  whether 
either  of  these  effects  or  both  are  on  breakage  or  on  union  are  matters 
which  cannot  yet  be  regarded  as  definitely  settled. 

Brief  consideration  may  now  be  given  to  attempts  to  influence  the  pro- 
duction of  mutations  by  ionizing  radiation  by  means  of  radiation  other 
than  infrared.  Some  studies  of  ionizing  radiation  in  combination  with 
ultraviolet  are  reviewed  on  pp.  533-534  and  others  are  mentioned  on 
pp.  578-579.  The  possible  reparative  action  of  visible  light  on  mutagene- 
sis by  ionizing  radiation  has  been  studied  by  Kimball  and  Gaither  (1949) 
in  P.  aurelia,  using  X  rays,  and  by  Newcombe  (1950)  in  E.  coli,  using  y 
rays.  No  reparative  effect  was  discovered,  contrary  to  what  these 
investigators  had  found  for  ultraviolet  mutagenesis  in  the  same  organ- 
isms. On  the  other  hand,  Watson  (1950)  found  that  light,  given  as  a 
posttreatment,  does  reduce  to  some  extent  the  killing  effect  of  X  rays 
on  bacteriophage,  although  not  nearly  as  much  as  it  reduces  the  killing 
effect  of  ultraviolet.  This  suggests  that  a  very  searching  study  might 
show  a  small  amount  of  reparation  by  light  to  be  possible,  even  for  the 
mutagenic  effect  of  ionizing  radiation.  As  for  the  effect  of  radiation  of 
wave  length  longer  than  infrared  on  mutagenesis  by  ionizing  radiation, 
the  only  experiments  thus  far  reported  are  those  of  Pickhan,  Timofeeff- 
Ressovsky,  and  Zimmer  (1936),  who  employed  very  intense  radio  waves, 
6  meters  in  length,  without  influencing  the  frequency  of  sex-linked  lethals 
induced  by  X  rays  in  Drosophila  spermatozoa. 

Mechanical  stress  in  the  form  of  intense  sonic  vibrations  at  a  rate  of 
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9100  per  second  applied  simultaneously  with  and  for  5  minutes  subse- 
quent to  X  rays  was  found  by  Conger  (1948a,  b)  to  increase  the  fre- 
quency of  chromosome  aberrations  in  Tradescantia  microspores,  although 
without  X  rays  they  failed  to  affect  the  frequency.  It  is  highly  probable 
that  the  effect  in  this  case  was  not  on  breakage  but  on  the  probability  of 
restitutional  union  of  the  broken  ends,  as  in  the  work  by  Faberge  (1947) 
in  which  mere  changes  in  temperature,  presumably  by  causing  convec- 
tion currents,  exerted  such  an  influence.  In  the  same  general  category 
belongs  the  earlier  finding  by  Sax  (1943),  following  still  earlier  work  by 
Kostoff  (see  p.  589)  on  chromosome  changes  induced  by  centrifuging 
alone,  that  centrifugation  after  X  irradiation  increases  the  frequency  of 
the  induced  chromosome  aberrations  in  Tradescantia  microspores.  These 
data  did  not  show,  however,  the  extent  of  the  efi'ect  that  centrifuging 
alone  would  have  had;  therefore  it  is  not  possible  to  judge  the  extent 
to  which  the  effects  of  centrifuging  and  of  X  rays  were  synergistic. 

Pressure  is  another  physical  condition  which  has  been  thought  to  influ- 
ence the  frequency  of  mutations,  at  least  when  in  combination  with  a 
mutagenic  agent.  McElroy  and  de  la  Haba  (1949)  have  presented  data 
which  show  that  a  lower  frequency  of  morphologically  expressed  mutants 
is  produced  by  nitrogen  mustard  when  a  high  pressure  is  applied  to 
Neurospora  spores  during  or  after  irradiation,  and  McElroy  and  Swan- 
son  (1951)  state  that  they  have  found  that  the  same  effect  is  produced 
by  pressure  when  mutations  are  produced  by  either  X  rays  or  ultraviolet. 
They  interpret  these  results  as  meaning  that  the  process  of  formation  of 
the  mutant  gene  (supposedly  as  a  second  step,  following  the  production 
of  a  "  semiactivated  "  state  in  the  original  gene  by  the  mutagen)  entails 
an  increase  in  volume.  They  state  that  the  differences  in  frequency  in 
question  cannot  be  due  to  selective  elimination  of  mutant  spores  by  the 
adverse  influence  of  pressure  since  the  rate  of  survival  was  not  reduced 
by  the  pressure.  However,  their  data  show  that  the  pressurized  spores 
did  have  a  far  lower  survival  rate  than  the  corresponding  nonpressurized 
spores.  It  is,  of  course,  to  be  expected  that  under  such  circumstances 
the  mutants,  being  w^eaker,  would  be  killed  off  at  a  higher  rate  than  the 
normals  and  that  this  factor  alone  would  result  in  a  lower  frequency  of 
mutants  being  recovered  in  that  series  which  was  subjected  to  the  more 
adverse  conditions,  just  as  was  shown  to  be  the  case  by  Hollaender  and 
Emmons  in  their  experiments  with  ultraviolet. 

A  further  indication  that  selection  is  at  the  basis  of  the  results  with 
pressure  is  to  be  seen  in  the  finding  by  McElroy  and  de  la  Haba  (1949) 
that  mutants  which  are  expressed  in  the  form  of  special  nutritional 
requirements,  rather  than  through  morphological  abnormalities,  failed  to 
show  a  decrease  in  frequency  wdth  pressure ;  in  fact  these  mutants  showed 
some  increase.  This  would  correspond  with  the  fact  that  these  "bio- 
chemical mutants"   are  at  no  disadvantage,   compared   with  normals. 
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if  only  they  are  grown  (as  they  were)  in  a  medium  which  is  "complete" 
with  regard  to  growth  factors,  and  that  they  may  even,  at  least  under 
certain  circumstances,  have  some  advantage  over  normals.  As  was  noted 
in  connection  with  the  findings  of  Swanson,  McElroy,  and  Miller  (1949) 
on  ultraviolet  mutations  (p.  547),  biochemical  mutants  differed  from 
morphological  ones  in  not  falling  off  in  their  frequency  with  more  extreme 
treatments,  and  this  was  itself  an  indication  that  there  was  stronger  selec- 
tion at  work  against  the  morphological  than  against  the  biochemical 
groups  of  mutants.  On  the  other  hand,  it  would  be  very  hazardous  to 
postulate  that  the  actual  process  of  mutation,  whereby  mutants  of  the 
two  groups  were  produced,  differed  in  a  systematic  way.  It  therefore 
seems  best  at  this  time  to  consider  the  case  for  an  influence  of  pressure 
on  induced  mutagenesis  as  still  unproved. 

The  most  readily  understandable  physical  influence  on  the  frequency 
of  mutations  induced  by  high-energy  radiation  is  that  exerted  by  impreg- 
nation with  heavy  elements  which  increase  the  amount  of  radiant  energy 
absorbed,  thus  raising  the  effective  dose.  The  first  experiments  of  this 
kind  were  reported  by  Stadler  (1928b),  who  found  a  significant  rise  in 
the  point-mutation  rate  induced  by  X  rays  in  barley  seeds  when  these 
had  been  impregnated  with  salts  of  barium,  lead,  or  uranium.  Similarly, 
Medvedev  (1933,  1935a)  was  able  to  increase  the  frequency  of  lethals 
induced  by  X  rays  in  Drosophila  spermatozoa  by  either  feeding  or  inject- 
ing lead  acetate.  That  this  increase  in  lethal-mutation  rate  was  really 
caused  by  the  absorption  of  X-ray  photons  by  the  lead  atoms  present 
was  shown  by  Buehmann  and  Zimmer  (1941),  through  their  finding  that 
the  effect  varied  with  the  wsive  length  of  the  radiation  in  the  way  expected 
for  absorption  by  lead,  whereas  this  variation  is  not  found  in  unimpreg- 
nated  material.  The  same  finding  was  made  by  Schutze  (1943)  for  flies 
impregnated  with  an  arsenic  compound. 

17.  OTHER   CHEMICAL  INFLUENCES    ON   HIGH-ENERGY   MUTAGENESIS 

In  contrast  to  the  experiments  cited  above,  which  showed  the  purely 
physical  influence  of  heavy  elements  in  increasing  the  frequency  of  muta- 
tions produced  by  a  given  dose  of  ionizing  radiation,  it  was  found,  in 
experiments  of  Buehmann  and  co-workers  (Buehmann  and  Hoth,  1937; 
Buehmann  and  Sydow,  1940),  that  iron  and  uranium  compounds  fed  to 
Drosophila  gave  a  much  greater  increase  than  could  be  accounted  for  by 
the  absorption  of  photons  by  their  added  metal  atoms  (as  calculated  by 
Born  and  Zimmer,  1940).  Moreover,  the  indirectness  of  the  influence  in 
the  case  of  iron  was  confirmed  by  its  failure  to  vary  with  wave  length 
(Buehmann  and  Zimmer,  1941).  Since  iron  salts  in  certain  forms  and 
also  ions  of  some  other  kinds  are  known  to  influence  strongly  the  mode  of 
accumulation  and  the  reactions  of  the  active-oxygen-containing  groups 
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produced  by  radiation,  such  effects  are  not  surprising  on  the  view  that 
the  process  of  radiation  mutagenesis  involves  this  pathway.  This  was 
pointed  out  by  Rapoport  in  1943  in  his  prophetic  paper  reporting  that 
iron  promotes  radiation  mutagenesis  in  Drosophila,  whereas  lead  in  his 
experiments  had  no  appreciable  effect.  This  method  of  action,  as  well 
as  the  specific  absorption  by  the  heavy  element,  must  be  borne  in  mind 
in  considering  any  results  obtained  in  work  of  this  kind.  Thus,  the 
findings  by  D'Amato  and  Gustafsson  (1948)  that  uranyl  nitrate  and 
ferric  sulfate  impregnations  of  barley  seeds  cause  a  rise  in  their  X-ray- 
induced  mutation  rate  probably  belong  in  the  same  category. 

The  pH  of  the  intracellular  medium  also  greatly  affects  the  mode  of 
disposition  of  the  dissociation  products  of  water  and  might  thereby  affect 
the  frequency  of  mutations  and  chromosome  breaks  induced  by  ionizing 
radiation.  Thus  Marshak  (1938a,  b,  c)  found  that  ammonia,  when  pres- 
ent during  irradiation,  decreased  the  frecjuency  of  aberrations  in  root-tip 
mitoses,  whereas  carbon  dioxide  seemed  to  be  without  an  effect  on  them. 
Similarly,  D'Amato  and  Gustafsson  (1948)  found  that,  when  barley  seeds 
were  presoaked  in  alkaline  buffer  (of  pH  10),  the  frecjuency  of  sterility, 
indicative  of  chromosome  aberrations,  was  distinctly  decreased  but  that 
it  was  probably  also  decreased  somewhat  by  acidity  (pH  3).  With  these 
agents  the  frequencies  of  induced  gene  mutations  seemed  to  run  parallel 
with  those  of  the  aberrations,  but  these  data  were  not  so  significant. 
Since  attempts  to  change  the  hydrogen-ion  concentration  produce  so 
many  indirect  effects  in  the  complicated  medium  which  protoplasm  con- 
stitutes, it  is  not  easy  to  determine  the  pathway  by  which  such  changes 
in  aberration  and  mutation  rate  are  brought  about. 

In  view  of  this  situation  it  is  not  surprising  that  some  agents  have  a 
different  effect  on  the  frequencies  of  the  aberrations  and  the  point  muta- 
tions produced  by  ionizing  radiation.  Results  of  this  kind  for  infrared  in 
Drosophila  and  for  heat  shocks  in  barley  seeds  have  already  been  men- 
tioned. Prior  to  the  work  with  heat  shocks  a  similar  differentiation  of 
effects  had  been  obtained  on  barley  seeds  by  Kaplan  (1950c,  1951)  by  the 
use  of  chemical  treatments  before  X  irradiation.  As  in  the  earlier  work 
by  Marshak  on  directly  treated  root  tips  and  of  D'Amato  and  Gustafsson 
on  barley  seeds,  presoaking  with  ammonium  hydroxide  (0.063  per  cent) 
was  found  to  cause  a  reduction  in  the  frequency  of  aberrations.  This 
was  evidenced  both  in  the  data  on  the  sterility  of  the  plants  which  grew 
from  the  irradiated  seeds  and  in  the  numbers  of  chromosome  aberrations 
observed  in  their  root  tips.  At  the  same  time,  however,  the  frequency 
of  visible  recessive  mutants  obtained  as  segregates  was  not  reduced  but 
was  raised  slightly,  although  not  significantly.  Carbon  dioxide  satu- 
ration of  the  water  in  which  the  seeds  were  presoaked  likewise  lowered 
the  aberration  frequency  distinctly,  and  again  the  mutation  frequency 
instead  of  being  reduced  appeared  to  be  slightly  higher.     On  the  con- 


576  RADIATION   BIOLOGY  , 

trary,  acetic  acid  (0.5  per  cent)  markedly  raised  the  aberration  frequency, 
nearly  doubling  it,  unlike  what  had  been  reported  for  acidity  by  D'Amato 
and  Gustafsson,  while,  as  before,  the  mutation  frequency  was  raised  but 
only  slightly  (in  this  case  by  an  amount  which  was  probably  significant). 
Since,  as  Kaplan  points  out,  the  differences  in  aberration  frequency  may 
have  been  brought  about  through  effects  on  the  process  of  union,  these 
results  cannot  yet  be  used  as  evidence  of  a  difference  between  the  proc- 
esses causing  gene  mutation  and  those  causing  chromosome  breakage. 

In  the  work  by  D'Amato  and  Gustafsson  (1948)  on  barley  seeds,  one 
of  the  agents  used  had  shown  a  difference  in  the  direction  of  the  effects 
on  mutation  and  aberration;  this  was  potassium  cyanide.  It  is  true  that, 
when  this  substance  was  used  in  low  concentrations  (0.0001  and  0.001  M) 
for  presoaking  the  seeds,  the  frequencies  of  both  the  chromosome  aber- 
rations and  the  visible  mutations  produced  by  X  rays  were  altered  in  the 
same  direction,  i.e.,  increased.  This  result  is  more  or  less  in  Une  with 
the  expectation  based  on  the  inactivation  of  cytochrome  and  other  heavy- 
metal-carrying  enzymes  by  cyanide,  although  it  may  be  recalled  that,  in 
Neurospora,  cyanide  did  not  show  synergism  with  ultraviolet  but  did  act 
as  a  mutagen  by  itself.  However,  when  more  concentrated  potassium 
cyanide  (0.01  M)  was  used  on  barley  seeds,  although  the  aberration 
frequency  was  further  increased,  there  was  an  actual  decrease  of  the  fre- 
quency of  visible  mutations  below  the  value  obtained  with  X  rays  alone. 
As  King  et  at.  (1952)  have  pointed  out,  this  decrease  corresponds  with  the 
strong  alkalinity  (pH  >  10)  caused  by  so  high  a  concentration  of  potas- 
sium cyanide  inasmuch  as  other  experimental  series  of  the  barley  seeds 
had  shown  that  their  visible-mutation  rate  decreased  with  alkalinity. 
This  consideration  does  not,  however,  answer  the  question  as  to  w^hy  the 
chromosome-aberration  frequency  was  increased  with  this  same  treat- 
ment. Possibly  the  answer  to  this,  as  to  Kaplan's  similar  results,  is  to 
be  found  in  an  effect  on  the  union  of  broken  ends,  but  this  can  by  no 
means  be  taken  for  granted  as  yet. 

Various  other  chemical  influences  on  the  frequency  of  production  of 
point  mutations  by  ionizing  radiation  have  been  reported  from  time  to 
time.  Thus  Stubbe  (1940),  who  had  found  an  effect  of  undernourish- 
ment (through  an  undersupply  of  either  phosphorus,  sulfur,  or  nitrogen) 
in  raising  the  spontaneous  rate  of  visible  mutations  in  Antirrhinum, 
reported  a  similar  effect  in  connection  with  the  X-ray  mutation  rate. 
Dotterweich  (1939,  1940)  and  Dotterweich  and  Schmidtke  (1941a,  b) 
reported  that  various  substances,  namely,  pilocarpin,  caffeine,  the  follicle 
hormone  progynon,  and  even  sea  water,  if  fed  to  Drosophila  over  one  or 
more  generations,  increased  the  X-ray  mutation  rate,  but  there  were 
peculiarities  in  the  data  which  open  them  to  question,  and  a  repetition  of 
the  experiment  with  pilocarpin  by  Rapoport  (1943)  and  of  that  with 
progynon   by   Kanellis    (1943)    gave   negative   results.     Such   work   in 
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Drosophila,  in  order  to  be  valid,  requires  that  the  lots  of  parent  flies  used 
in  the  comparisons  be  genetically  quite  alike,  raised  under  the  same  condi- 
tions except  with  respect  to  the  agent  studied;  that  they  be  of  the  same 
age  and  have  the  germ  cells  used  in  the  same  state  of  maturity  when 
irradiated;  and  that  the  later  generations,  in  which  the  mutations  are 
scored,  be  alike  in  regard  to  the  environmental  as  well  as  genetic  condi- 
tions obtaining  in  order  that  similar  conditions  of  selection  may  exist. 
More  recently,  benzopyrene  has  been  reported  to  affect  the  X-ray  muta- 
tion rate  in  Drosophila  (Fabian  and  Matoltsy,  1946).  It  appeared  to 
lower  the  mutation  rate,  although  in  Vicia  it  has  since  been  reported 
(Cottet  and  Minder,  1947)  to  increase  the  frequency  of  chromosome 
changes  produced  by  X  rays. 

In  the  absence  of  irradiation,  many  chemicals  have  been  shown 
cytologically  to  increase  the  frequency  of  chromosome  breakage  and 
aberrations,  and  a  considerable  number  (some  of  them  the  same  chemi- 
cals) have  also  been  shown  to  influence  the  frecjuency  of  visible  and/or 
lethal  mutations,  as  noted  in  reviews  by  Auerbach  (1952)  and  by  Jensen 
et  al.  (1952).  It  would  be  surprising  if  some  of  these  chemicals  did  not 
act  synergistically  with  radiation,  but  few  such  tests  except  those  already 
mentioned  involving  nitrogen  mustard,  oxygen,  and  cyanide,  respectively, 
have  yet  been  reported.  It  is  also  to  be  expected  that  some  chemicals 
which  are  ineffective  by  themselves  would  be  mutagenic  with  radiation. 
Some  instances  of  this  kind  have  been  noted  in  this  section,  but  a  really 
systematic  study  along  these  lines  has  as  yet  hardly  begun.  In  fact, 
many  of  the  very  substances  which  have  been  found  to  be  effective, 
without  radiation,  in  producing  genetic  changes  in  one  of  the  two  general 
categories  (point  mutations  and  demonstrable  results  of  chromosome 
breakage)  have  not  yet  been  tested  on  the  same  material  in  regard  to  their 
mutagenicity  for  the  other  category.  It  is  still  too  early  to  know  whether 
marked  differences  in  these  respects  exist,  except  for  those  instances  of  a 
differential  effect  with  radiation  which  have  already  been  cited.  More- 
over, even  in  these  instances,  it  is  not  clear  whether  the  observed  differ- 
ence is  real  in  the  sense  that  gene  mutations  and  breaks  are  differently 
affected  or  whether  the  apparent  difference  has  been  caused  by  an 
influence  on  the  joining  of  ends. 

Except  where  the  cell  stage  treated  can  be  exactly  controlled  (as  when 
mature  spermatozoa  are  used),  effects  on  the  radiation-induced  mutation 
rate  can  be  produced  indirectly  by  chemicals,  through  an  influence  of 
them  on  the  cell  stage.  For  example,  since  aberrations  (and  probably 
also  gene  mutations)  are  more  readily  induced  in  mitotic  and  near- 
mitotic  stages,  chemical  and  other  agents  which  increase  the  frequency  of 
mitosis,  or  prolong  it,  will,  as  pointed  out  by  KoUer  (1946),  cause  an 
increase  in  the  frec^uency  of  genetic  changes  produced  by  radiation. 
Notable  instances  of  such  substances  are  furnished  by  colchicine,  acenaph- 
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thene,  and  other  chemicals  which  halt  mitosis  in  metaphase.  Although 
ordinarily  such  substances  would  increase  X-ray  aberration  frequency, 
Brumfield  (1943)  noted  the  opposite  effect  in  onion  root  tips,  in  which 
mitosis  may  be  halted  in  early  prophase.  Similarly,  sensitivity  changes 
correlated  with  changes  in  the  nucleic  acid  cycle  in  general  can  be  influ- 
enced by  agents  which  affect  the  latter,  as  first  pointed  out  by  Darlington 
and  La  Cour  (1945).  In  all  such  cases,  particular  types  of  aberrations  may 
be  favored  at  the  stage  which  was  caused  to  be  prevalent,  by  reason  of  the 
arrangement  and  behavior  of  chromosomes  at  that  stage,  and  as  an  indirect 
consequence  the  given  agent  will  appear  to  be  selective  in  its  effect. 

Another  way  in  which  a  selectivity  may  result  is  when  the  given  agent 
can  penetrate  to  the  chromosomes  at  a  particular  stage  only.  This  is 
illustrated  in  the  studies  by  Kihlman  (1951)  which  showed  that  some 
purine  derivatives  capable  of  causing  structural  changes  can  act  only 
during  mitosis  since  they  are  excluded  by  the  nuclear  membrane,  whereas 
others,  being  more  penetrable  because  of  their  greater  ability  to  dissolve 
in  lipoids  of  the  nuclear  membrane,  can  affect  resting  stage  chromosomes 
also  (see  discussion  by  Auerbach,  1952).  It  is  not  surprising,  in  view  of 
all  this,  that  chemical  mutagens  have  been  found  to  differ  from  each 
other  and  from  ionizing  radiation  in  regard  to  the  frequency  distribution 
along  the  chromosomes  of  the  breaks  found  in  the  aberrations  produced 
by  them,  and  it  is  to  be  expected  that  similar  differences  would  be  found 
between  the  aberrations  produced  by  ionizing  radiation  when  it  is  given  in 
combination  with  different  chemicals. 

In  view  of  these  considerations,  the  finding  by  D'Amato  and  Gustafsson 
(1948)  that  colchicine  applied  during  the  presoaking  of  barley  seeds 
results  in  an  increase  of  the  frequency  of  mutations  and  aberrations  pro- 
duced by  X  irradiation  is  in  line  with  expectation.  More  surprising  per- 
haps is  the  fact  that,  unlike  the  other  treatments  which  increased  the 
X-ray  mutation  rate,  this  substance  resulted  in  a  higher  frequency  of 
certain  particular  types  of  visible  mutants,  which  were  usually  rare.  If, 
however,  these  were  connected  with  particular  types  of  structural 
changes,  more  readily  produced  by  exposure  of  metaphase  chromosomes, 
this  too  would  become  understandable  on  the  above  basis.  On  the 
other  hand,  an  actually  differential  sensitivity  of  different  loci  might  be 
involved  (see  Sect.  20). 

Even  the  possible  synergism  between  ionizing  radiation  and  other 
strongly  mutagenic  agents  has  not  yet  been  studied  very  extensively.  In 
the  work  of  Kaufmann  and  Hollaender  (1946)  the  frequency  of  lethal 
mutations  induced  in  Drosophila  spermatozoa  by  X  rays  and  ultraviolet 
in  combination  represented  a  merely  additive  function,  whereas  chromo- 
some changes  were  actually  reduced  in  frequency  by  the  addition  of 
ultraviolet  to  X  rays,  as  they  had  previously  been  found  to  be  in  Trades- 
cantia  (Swanson,  1944).     However,  in  Aspergillus,  Swanson  (1952)  found 
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a  slightly  more  than  additive  effect  on  the  frequency  of  visible  mutations. 
This  means  either  that  in  this  organism,  unlike  the  other  two,  ultraviolet 
actually  promotes  the  production  of  aberrations  by  X  rays  (assuming  the 
excess  mutations  to  represent  aberrations)  or  that  its  mode  of  producing 
point  mutations  is  so  different  quaUtatively  from  that  of  X  rays  that  the 
combination  of  both  effects  is  more  potent  than  an  equivalent  increase 
of  dose  on  the  part  of  either  agent  alone  would  be.  On  the  other  hand, 
mustard,  in  the  preliminary  tests  on  Aspergillus,  did  not  work  synergistic- 
ally  with  X  rays  when  given  as  a  pretreatment  but  only  additively,  as 
though  the  mutagenic  processes  initiated  by  these  two  agents  were  either 
alike  or  quite  independent.  That  they  were  not  entirely  alike  had,  how- 
ever, been  shown  by  Swanson  and  Goodgal's  (1947;  see  also  Swanson, 
1952)  finding  in  Aspergillus  that  mustard  and  ultraviolet  exert  a  very 
marked  synergism  with  one  another,  far  stronger  than  that  found  between 
X  rays  and  ultraviolet.  It  therefore  seems  indicated  by  this  group  of 
results  that  mustard  and  X  rays  act,  for  the  most  part,  through  some- 
what different  and  noninteracting  chains  of  processes. 

It  is  natural,  because  of  the  practical  value  which  the  results  would 
have,  that  more  has  been  done  in  finding  ways  to  hinder  than  ways  to 
promote  mutagenesis  by  ionizing  radiation.  The  light  thrown  in  recent 
years  on  the  role  played  by  oxygen  and  by  the  active  oxygen-carrying 
radicals  and  molecules  derived  from  water  on  the  production  of  "dam- 
age," mutations,  and  chromosome  breaks  by  radiation  has  opened  up  new 
pathways  for  such  work.  This  is  not  the  place  to  review  the  various 
findings  which  have  been  made  regarding  the  prevention  or  diminution  of 
radiation  damage  by  such  means  as  anoxia  or  cysteine,  or  the  chemical 
studies  which  led  up  to  these  applications.  A  systematic  large-scale 
study  has  recently  been  made  by  HoUaender  and  his  co-workers  (Burnett 
et  al.,  1951;  HoUaender,  Stapleton,  and  Burnett,  1951;  HoUaender, 
Stapleton,  and  Martin,  1951;  HoUaender,  Baker,  and  Anderson,  1952; 
HoUaender,  1952)  of  organic  chemicals  which,  given  before  exposure,  afford 
protection  against  radiation  damage;  E.  coli  was  the  organism  most  used, 
but  the  results  were  checked  on  various  other  forms.  It  was  then  found 
by  E.  H.  Anderson  (unpublished,  cited  by  HoUaender,  Baker,  and 
Anderson,  1952)  that  the  same  agents  also  serve  to  protect  E.  coli  against 
the  mutagenic  effects  of  ionizing  radiation  as  against  its  killing  action. 
The  extent  to  which  these  substances  may  also  give  protection  against 
ultraviolet  effects  has  not  yet  been  determined. 

The  protective  compounds  thus  far  found  were  classified  into  four  main 
groups : 

1.  Sulfhydryl  compounds,  such  as  cysteine,  BAL,  and  mercapto- 
carboxylic  acids,  with  distinct,  virtually  immediate  effects  even  at 
0.001  M,  without  prior  incubation  in  a  medium  containing  them. 
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2.  Strong  reducers,  especially  sodium  hydrosulfite  (Na2S204),  highly 
effective  at  0.04  M  without  prior  incubation. 

3.  Alcohols,  including,  for  instance,  ethyl  alcohol,  glycerine,  and 
glycols,  which  require  higher  concentrations  and  are  much  more  effective 
after  the  organisms  are  incubated  for  3^^  hour  in  a  medium  containing 
them. 

4.  Salts  of  carboxylic  acids,  effective  at  very  low  concentrations,  e.g., 
0.0001  M,  but  requiring  preincubation. 

Whereas  the  actions  of  two  substances  of  the  same  group  have  been  found 
so  far  to  be  additive,  those  of  groups  1,  2,  and  3,  tried  in  combination, 
act  synergistically,  so  that  it  can  be  concluded  that  their  effects  are 
different  in  kind  or  on  different  sites.  As  pointed  out  by  these  investi- 
gators, group  1  evidently  protects  by  sparing  the  SH  groups  naturally 
present  in  cell  proteins  containing  them,  which  Barron  and  co-workers 
(Barron,  Dickman,  and  Singer,  1947;  Barron  and  Dickman,  1949; 
Barron  et  al.,  1949;  Barron  and  Flood,  1950)  had  found  to  be  especially 
sensitive  to  the  oxidizing  effect  of  radiation,  while  group  2  obviously 
protects  directly  through  its  reducing  activity.  The  related  groups  3  and 
4,  requiring  incubation,  evidently  are  subjected  to  metabolic  changes 
before  they  can  exercise  effective  protection,  and  it  has  been  found  by 
Stapleton  and  Billen  that  respiratory  inhibitors  such  as  cyanide  prevent 
these  changes  from  occurring  and  thus  block  the  development  of  the 
protective  property.  Since  the  substances  of  group  3  are  in  cell  metab- 
olism changed  in  part  to  those  of  group  4,  their  action  may  be  through  this 
pathway.  It  is  suggested  by  Hollaender,  Baker,  and  Anderson  that 
possibly  the  carboxylic  acids  enter  into  some  reaction  in  the  nucleo- 
protein  cycle. 

In  onion  root  tips,  Riley  (1952)  has  tested  the  influence  of  group  1, 
represented  by  BAL,  and  group  2,  represented  by  sodium  hydrosulfite 
(Na2S204),  on  the  production  of  chromosome  changes  by  y  rays  and  has 
found  both  to  be  distinctly  protective  in  this  respect.  It  was  further 
noted,  in  the  case  of  the  hydrosulfite  at  least,  that  protection  was  also 
afforded  against  the  inhibition  of  mitosis  by  the  radiation. 

It  is  already  evident  that  not  all  four  of  these  groups  of  compounds  will 
afford  protection  against  radiation  mutagenesis  in  all  organisms.  This 
is  well  illustrated  in  the  recent  work  of  Kimball  and  Gaither  (1951,  1952) 
on  P.  aurelia  which  had  been  treated  with  X  rays.  For  one  thing,  it  was 
shown  that  the  killing  effect  of  the  X  rays  is  entirely  or  almost  entirely 
due  to  material  produced  by  the  radiation  in  the  extracellular  medium 
since  the  organisms  are  killed  as  effectively  if  they  are  not  irradiated 
themselves  but  placed  in  a  medium  that  had  received  the  given  amount  of 
radiation.  Moreover,  this  same  amount  of  killing  effect  can  be  brought 
about  by  treating  the  medium  with  an  amoimt  of  hydrogen  peroxide  not 
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much  greater  than  that  which  can  be  demonstrated  to  have  been  produced 
in  the  medium  by  the  given  irradiation.  Catalase  appUed  to  either  the 
irradiated  or  the  hydrogen  peroxide-treated  medium  prevented  the  kill- 
ing, which  therefore  was  caused  by  peroxides  (or  substances  inter- 
changable  with  peroxides  and  in  equilibrium  with  them)  in  the  medium. 
Moreover,  the  reducer,  sodium  hydrosulfite  (group  2),  introduced  into 
the  medium,  afforded  protection  against  the  killing  effect.  However, 
neither  irradiated  nor  hydrogen  peroxide — containing  medium  gave  rise 
to  mutations;  these  were  produced  only  by  X  rays  received  within  the 
cell.  Corresponding  with  this,  the  hydrosulfite  did  not  protect  against 
the  mutagenic  action  of  the  X  rays.  Although  it  might  be  (jonjectured 
that  peroxides  are  not  mutagenic  in  Paramecia,  it  seems  more  likely  that 
those  in  the  medium  become  reduced  before  reaching  the  genetic  material, 
their  killing  action  in  this  organism  being  on  more  superficially  lying  sub- 
stances, and  it  may  well  be  that  the  hydrosulfite  also  fails  to  penetrate  so 
far  unchanged. 

On  the  other  hand,  ethyl  alcohol  (0.7  ill),  representing  group  3,  did 
reduce  the  frequency  of  the  mutations  induced  in  Paramecia,  but  it  did 
not  protect  against  the  killing  action  of  the  X  rays.  This  finding  is 
understandable  if  the  killing  depended  on  reactions  occurring  in  super- 
ficially lying  material  since  the  alcohol  in  the  medium,  not  having  been 
subjected  to  the  required  metabolic  changes,  would  not  be  expected  to  be 
effective.  More  surprising  was  the  lack  of  protective  action  of  formate 
(group  4),  not  merely  against  the  killing  effect  of  the  X  rays  (a  fact  which 
fitted  in  with  the  above  results)  but  also  against  their  mutagenic  effect. 
If  the  formate  had  really  penetrated  unchanged,  this  result  would  indicate 
that  group  3  substances  do  not  act  by  forming  group  4.  At  any  rate,  it  is 
evident  that  differences  in  metabolism  and  in  permeability  must  play 
important  roles  in  determining  the  effectiveness  of  any  given  substance  in 
affording  protection  against  mutagenesis  in  any  given  type  of  organism. 

18.  MUTAGENESIS  BY  COSMIC  AND  OTHER  NATURAL  RADIATION 

The  question  of  the  extent  to  which  the  ionizing  radiation  present  in 
nature  is  the  cause  of  spontaneous  mutations  was  first  raised  by  Muller 
(1927,  1928b)  and  has  since  been  brought  up  on  various  occasions  (e.g., 
Olson  and  Lewis,  1928;  Thomas,  1936).  Although  there  is  no  doubt  that 
some  mutations  must  originate  as  effects  of  natural  radiation,  it  was  cal- 
culated by  Muller  and  Mott-Smith  (1930)  that  in  Drosophila  considera- 
bly less  than  a  thousandth  of  the  natural  mutations  can  be  of  this  origin. 
In  this  work  all  natural  types  of  radiation  were  taken  into  account  and 
given  maximum  values,  including  those'of  cosmic  and  earth  origin  and 
those  derived  from  radioactive  substances  (potassium,  radium,  etc.) 
within  the  organism.     Measurements  of  the  radioactivity  of  Drosophila 
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ash  were  at  the  same  time  made  to  make  sure  that  the  internal  concen- 
tration of  radioactive  material  did  not  exceed  the  value  assumed.  Sub- 
stantially the  same  conclusion  regarding  the  ineffectiveness  of  natural 
radiation  was  reached  independently  by  Timofeeff-Ressovsky  (1931a) 
and  by  Efroimson  (1931). 

It  is  true  that  Babcock  and  Collins  (1929a,  b)  and  Hanson  and  Heys 
(1930)  had  presented  some  data  which  suggested  that,  in  regions  of  higher 
natural  radiation,  more  mutations  occurred,  but  their  data  were  incon- 
clusive, and  if  the  results  were  to  be  considered  positive,  they  would  be 
quite  out  of  line  with  those  of  exact  tests  of  the  amount  of  mutagenic 
effect  produced  by  controlled  doses  of  radiation.  These  strictures  like- 
wise apply  to  Jollos's  (1939)  tests  of  lethal  production  in  Drosophila  at 
high  altitudes;  the  data  appeared  to  show  an  increased  mutation  rate, 
more  especially  in  the  neighborhood  of  masses  of  heavy  metal  which  would 
give  rise  to  showers  of  secondary  radiation.  The  calculations  of  Muller 
(1934)  and  of  Delbrlick  and  Timofeeff-Ressovsky  (1936)  had  shown  that 
even  at  high  altitudes  radiation-induced  mutations  would  (barring 
unknown  factors)  be  an  insignificant  fraction  of  the  total  of  spontaneous 
mutations.  Moreover,  tests  for  sex-linked  lethals  conducted  by  Friesen 
(1936)  on  Drosophila  which  had  been  taken  into  the  stratosphere  and  by 
Rajewsky  and  Timofeeff-Ressovsky  (1939)  on  Drosophila  kept  high  up 
on  Mount  Jungfrau  had  failed  to  show  any  perceptible  increase.  As  for 
the  possible  influence  of  adjacent  masses  of  dense  material,  it  is  now 
known  from  physical  measurements  that  this  could  not  increase  the 
amount  of  radiation  received  at  high  altitudes  by  a  factor  of  more  than 
about  4  at  most. 

In  recent  years  more  exact  information  concerning  the  incidence  both 
of  natural  radiation  and  of  spontaneous  and  radiation-induced  mutations 
have  made  possible  more  accurate  calculations  along  the  above  lines.  It 
is  known  that  0.15  per  cent  of  new  sex-linked  lethals  per  gamete  per 
generation  is  a  conservative  (low)  average  for  Drosophila  of  either  sex. 
If  all  these  had  been  produced  by  ionizing  radiation,  received  over  the 
comparatively  long  generation  time  (for  Drosophila)  of  four  weeks,  by 
germ  cells  which  for  three  weeks  had  been  in  gonial  and  for  a  week  in 
the  (on  the  average)  twice-as-susceptible  postgonial  stages,  a  dose  of 
some  80  r  would  have  been  required.  (The  first  three  weeks  would  have 
yielded  lethals  at  the  rate  of  1  per  cent  per  approximately  730  r  or  0.09 
per  cent  for  the  60  r  received  during  those  weeks,  and  the  last  week,  at 
twice  the  rate  of  production  of  lethals,  would  have  yielded  0.06  per  cent 
for  the  20  r  then  received,  a  total  of  0.15  per  cent.)  However,  the  back- 
ground radiation  received  from  both  cosmic  and  earth  sources  together 
rarely  averages  more  than  0.004  r/day  at  sea  level,  or  0.028  r  for  the 
assumed  four  weeks.  The  potassium  in  an  animal  (0.4  per  cent  at  most) 
would  give  an  equivalent  of  not  more  than  0.017  r  in  four  weeks.     The 
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total,  0.045  r,  is  only  0.00056  (3^180  0)  of  the  80  r  required  to  produce 
mutations  at  the  rate  at  which  they  actually  arise,  on  the  supposition 
that  all  spontaneous  mutations  are  caused  by  radiation.  The  cosmic 
radiation  received  at  an  altitude  of  13,000  ft  could  result  in  an  increased 
reception  of  about  0.013  r  in  four  weeks  (0.17  r/year),  making  in  that 
case  a  total  of  0.059  r.  There  is  a  similar  increase  at  sea  level  under 
some  circumstances,  as  in  houses  built  of  material  having  a  higher  than 
usual  amount  of  radioactivity.  Yet,  even  the  total  of  about  0.06  r 
is  only  0.00075  (1  in  1333)  of  the  80  r  required  for  producing  mutations 
at  a  rate  equal  to  the  spontaneous  one. 

However,  in  the  case  of  man  and  other  long-lived  organisms  the  amount 
of  radiation  received  per  reproductive  generation  is  so  much  more  than 
that  received  in  Drosophila' s  four  weeks  that  it  can  be  calculated  to 
play  a  probably  significant  role  in  the  production  of  the  natural  muta- 
tions (MuUer,  1941c,  1952b),  especially  when  consideration  is  given  to 
Russell's  (1952)  finding  of  the  much  higher  mutagenic  effectiveness  of 
ionizing  radiation  in  mammals  (mice)  than  in  Drosophila.  The  above 
calculated  0.045  r  in  four  weeks  becomes  17.5  r  in  thirty  years,  the 
approximate  span  of  a  reproductive  cycle  (generation)  in  man.  Taking 
Russell's  figure  of  2.6  X  10~^  mutation  induced,  on  the  average,  in  a 
given  locus  by  1  r  applied  to  spermatogonia,  it  is  found  that  the  17.5  r 
received  in  thirty  years  would  induce  4.55  X  lO^''  mutation,  or  1  in 
220,000,  per  locus.  This  figure  is  to  be  compared  with  the  estimated 
average  spontaneous  mutation  frequency  in  man  of  2  X  10~^,  or  1  in 
50,000,  per  locus.  Thus  it  will  be  seen  that  in  man  the  natural  radiation 
may  be  producing  nearly  a  fourth  of  the  spontaneous  mutations.  It  is 
probable  that,  in  the  case  of  sequoias  and  certain  other  organisms  having 
exceptionally  long  life  spans  or  in  those  which  (as  in  the  case  of  lotus 
seeds  in  peat  bogs  or  rotifers  in  frozen  soil)  may  be  dormant  for  very 
long  periods,  the  mutations  caused  by  radiation  may  in  some  instances 
considerably  outnumber  those  due  to  other  natural  causes,  inasmuch  as 
the  background  radiation  may  in  the  course  of  1000  years  amount  to 
about  500  r. 

At  an  altitude  of  about  13,000  ft,  at  which  5  r  more  (or  22.5  r  in  all) 
may  be  received  in  thirty  years,  the  share  of  radiation  mutations  in  the 
total  mutation  rate  of  human  beings  may,  according  to  the  foregoing 
values,  become  28  per  cent,  but  even  at  100,000  ft  at  high  latitudes,  where 
the  cosmic  radiation  amounts  to  0.009  r/day  (Schaefer,  1950,  1951),  or 
3.3  r/year,  a  total  exposure  of  about  eighteen  years,  giving  60  r,  would  be 
needed  to  result  in  a  production  of  mutations  by  radiation  equal  to  that 
arising  in  man  in  thirty  years  in  the  total  absence  of  radiation.  More- 
over, even  in  the  presence  of  dense  material  so  distributed  as  to  give 
maximum  secondary  radiation,  about  five  years  of  exposure  at  this  alti- 
tude would  still  be  required  for  this  amount  of  effect. 
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This  calculation  of  the  amount  of  effect  of  high-altitude  cosmic  radi- 
ation on  the  mutation  rate  fails  to  take  into  account  the  fact  that  part 
of  this  radiation  is  distributed  in  the  form  of  densely  ionized  tracks,  some 
produced  by  protons  and  a  particles  toward  the  end  of  their  runs  and 
others  by  heavier  nuclei  (see  Schaefer,  1951,  1952a,  b,  c).  The  dense 
portions  of  the  proton  and  a  tracks  would,  as  noted  on  pp.  521-524,  be  less 
efficient  than  the  same  dose  of  X  or  7  rays  in  causing  effectively  separate 
gene  mutations,  although  much  more  efficient  in  causing  chromosome 
changes.  The  heavier  nuclei,  however,  over  most  of  the  length  of  their 
tracks,  would  probably  be  as  efficient  as  X  rays  in  causing  gene  mutations 
because  the  ionizations  would  be  widely  dispersed  enough  for  this  in  the 
cross-sectional  area  lying  at  right  angles  to  the  axis  of  the  track,  but 
they  would  be  more  efficient  than  X  rays  (although  not  as  much  so  as 
ordinary  proton  and  a  tracks)  in  causing  chromosome  changes.  Yet,  at 
the  same  time,  a  larger  proportion  of  the  gene  mutations  would  be  lost, 
by  being  produced  in  chromosomes  and  in  cells  destined  to  perish  by 
reason  of  their  aneucentric  or  aneuploid  chromosome  changes,  than  if 
X  rays  had  been  used.  Thus  even  the  gene-mutation  rate  would  appear 
to  be  somewhat  lower  than  with  X  rays  (Muller,  1952b). 

19.  NUCLEAR    TRANSMUTATION    AND    OTHER    PHYSICAL    INFLUENCES 

AS  MUTAGENS 

The  mutagenic  action  of  radioactive  materials  some  of  which  have  been 
absorbed  by  the  cells  under  investigation  has  been  studied  on  a  number  of 
occasions.  It  is  to  be  expected  that  the  resultant  transmutation  (usually 
accompanied  by  the  fast  recoil)  of  an  atom  located  at  a  strategic  point 
within  a  gene  would  at  least  on  some  occasions  result  in  the  mutation 
of  the  gene.  There  is  often  considerable  difficulty  in  proving  that  such 
mutations  have  occurred,  however,  since  ionizing  radiation  is  released  in 
the  transmutation  process,  and  this  can  produce  mutations  in  the  manner 
usual  for  such  radiation,  thus  obscuring  the  picture. 

Experiments  of  Giles  and  co-workers  (Giles,  1947;  Giles  and  Lederberg, 
1948;  Giles  and  Bolomey,  1949)  on  Tradescantia  and  of  both  Arnason  and 
co-workers  (Arnason,  Cummings,  and  Spinks,  1948a,  b;  Arnason,  1949) 
and  Ehrenberg  et  al.  (1949)  on  wheat  and  barley  showed  that  absorbed 
P^^  does  produce  abundant  chromosome  breaks  and  structural  changes, 
but  it  was  not  clear  whether  the  effects  were  entirely  caused  by  the 
released  /3  rays  or  in  part  also  by  the  transmutation  of  phosphorus  atoms 
located  in  the  chromosomes  or  in  substances  outside  the  chromosomes 
which  had  thereby  been  rendered  mutagenic.  However,  in  experiments 
on  Drosophila,  Bateman  and  Sinclair  (1950)  and  R.  C.  King  (1952)  found 
that  the  mutations  in  their  material  w^ere  produced  at  a  rate  which  could 
be  approximately  accounted  for  by  the  released  0  rays  alone.     This  con- 
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elusion  was  reenforced  by  the  findings  of  King  that  variations  in  the 
relative  amount  of  stable  P^^  accompany'ng  the  radioactive  P^-  did  not 
alter  the  mutagenicity  when  the  concentration  of  administered  P^^  was 
kept  constant,  despite  the  change  w^hich  must  thereby  have  been  brought 
about  in  the  amount  of  radioactive  P^'^  absorbed  by  the  organisms. 
(Here  the  paths  of  the  13  rays  are  so  long  that  the  great  majority  of  the 
ionizing  particles  within  the  flies  penetrate  them  from  outside.)  This 
negative  result,  nevertheless,  fails  to  prove  that  changes  in  the  nuclei  of 
phosphorus  atoms  within  the  chromosome  are  7iot  mutagenic.  One 
reason  is  that  in  this  work  the  substance  was  fed  to  adult  flies  in  which 
the  chromosomes  of  the  spermatozoa,  from  which  the  tested  offspring 
were  derived,  may  already  have  been  formed  prior  to  treatment. 

The  work  of  Hungate  and  Mannell  (1951,  1952)  on  the  mutagenic  effect 
of  radioactive  sulfur,  S*^,  on  growing  Neurospora  further  illustrates  the 
difficulties  in  interpretation  of  the  results  of  such  experiments.  These 
investigators  found  that,  when  a  given  constant  amount  of  S^^  is  present 
in  the  medium,  the  mutation  rate  is  inversely  correlated  with  the  amount 
of  stable  sulfur,  S^-,  which  has  simultaneously  been  administered.  They 
have  regarded  this  as  indicating  that  the  additional  mutations,  occurring 
in  the  presence  of  less  S^^,  were  caused  by  the  transmutation  of  S^^  into 
CP^  within  the  genes.  The  calculations  were  not  simple,  however,  since 
there  was  a  very  large  and  not  directly  determined  amount  of  "contami- 
nating" stable  sulfur  present  in  the  medium,  of  unknown  utilizability. 
Nevertheless,  determinations  of  the  radioactive  sulfur  within  the  Neuro- 
spora showed  that  in  most  of  the  cultures,  despite  the  different  amounts 
of  intentionally  added  S''^^,  the  amount  of  S^^  within  the  cells  remained 
about  the  same.  Since  the  S'^^  outside  the  cells  must  have  been  constant 
also,  it  was  concluded  that  the  amount  of  ionizing  radiation  in  the  cells 
was  likewise  equal  in  these  cases.  Thus  the  observed  differences  in  the 
mutation  rates  were  judged  not  to  be  due  to  differences  in  the  ionizing 
radiation  to  which  the  cells  were  subjected  but  to  differences  in  the  fre- 
quency of  transmutation  within  their  genes. 

At  the  same  time,  the  investigators  believe  that  the  mutations  arising 
included  a  much  higher  frequency  than  usual  of  biochemical  deficiencies 
of  a  peculiar  sort,  in  which  one  amino  acid  will  do  duty  for  another. 
This  result,  if  substantiated  by  comparison  with  exact  controls,  would 
bespeak  the  distinctiveness  of  the  mutagenic  process  here  involved,  as 
compared  with  that  induced  by  ionizing  radiation. 

Before  acceptance  of  the  transmutation  interpretation,  however,  several 
other  possibilities  have  had  to  be  disposed  of.  All  these  are  connected 
with  the  inference  that,  as  Hungate  and  Mannell  point  out,  the  cells 
in  the  media  to  which  more  S^-  had  been  added  probably  contained 
more  total  sulfur.  Since  they  had  about  the  same  concentration  of  S^^, 
despite  the  added  S^-,  and  would  not  be  expected  to  exercise  any  con- 
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siderable  selection  between  these  isotopes  of  sulfur,  they  must  have  had 
more  total  sulfur,  to  keep  the  S^^  constant. 

In  the  presence  of  varying  amounts  of  total  sulfur  there  are  three  con- 
ceivable ways  in  which  the  ionizing  radiation  itself,  from  the  same  amount 
of  S^^,  might  act  to  give  fewer  mutations  with  more  total  sulfur.  First, 
as  these  investigators  recognize,  some  of  the  quantitatively  varying  total 
sulfur  might  be  in  combinations,  such  as  cysteine  and  other  group- 1  sub- 
stances, in  which  it  exerted  a  protective  action  against  the  mutagenic 
effect  of  ionizing  radiation.  Hence,  with  less  sulfur  there  would  be  less 
protection.  Second,  the  cultures  with  less  sulfur  were  found  to  have 
retarded  growth  and  therefore  were  suffering  from  an  actual  dearth  of 
sulfur.  Since  it  was  shown  by  Doring  and  Stubbe  (1938)  that  the  dis- 
proportional  undernutrition  of  Antirrhinum,  in  respect  to  given  elements 
(one  of  which  was  sulfur),  resulted  in  a  higher  susceptibility  to  the  pro- 
duction of  mutations  by  externally  applied  ionizing  radiation,  this  may 
have  been  true  in  Neurospora  also.  This  possibility  as  well  as  the  first 
was  refuted  by  the  finding  that  the  mutagenic  efficiency  of  externally 
applied  ionizing  radiation  was  unimpaired  by  the  addition  of  stable  sulfur. 

Third,  in  the  cells  with  less  total  sulfur  but  with  the  same  amount  of 
S*^,  there  must  have  been  a  larger  amount  of  S^^  in  the  genetic  material 
of  the  chromosomes  (since  this  material  presumably  would  vary  little  if 
any  in  its  total  sulfur  content).  This  greater  concentration  of  S^^  in  the 
chromosomes  (even  though  not  in  the  cells)  might  result  not  only  in  more 
transmutation  within  this  material  but  also  in  its  receiving  somewhat 
more  ionizing  radiation.  For  the  jS  rays  given  off  in  this  case  happen  to 
have  rather  short  tracks,  and  so  the  number  of  these  tracks  traversing  the 
chromosomes  might  be  significantly  greater  when  more  of  the  tracks 
actually  arose  within  these  chromosomes.  However,  calculations  have 
shown  that  the  difference  thereby  caused  would  be  insignificant.  Thus 
it  may  be  concluded,  all  in  all,  that  the  interpretation  that  the  higher 
mutagenesis  in  the  cultures  with  less  S^^  had  been  caused  by  transmuta- 
tion is  well  founded. 

The  question  of  the  possible  role  of  transmutation  has  also  arisen  in 
connection  with  Powers'  (1947)  finding  of  the  mutagenic  effect  of  P^^  in 
Paramecium.  His  results  show  that,  for  a  given  amount  of  ionization 
induced  in  the  composite  mass  of  organisms  plus  medium,  P^-  is  much 
more  efficient  in  producing  mutations  than  are  the  radioactive  isotopes  of 
strontium  (Sr^^  and  Sr^o)  or  yttrium  (Y^o).  This  effect  is  in  part 
explained  by  the  greater  concentration  of  the  element  absorbed  in  the 
cells,  as  compared  with  that  left  in  the  medium,  in  the  case  of  phosphorus 
than  in  the  case  of  strontium  or  yttrium.  However,  Rubin  (1948)  has 
stated  that  his  calculations  show  the  mutagenic  effect  to  have  been 
greater  for  the  P^-  than  could  be  explained  solely  on  the  basis  of  the 
greater  amount  of  activation  and  ionization  produced  in  the  cell  by  this 
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selective  absorption.  This  conclusion  is  concurred  in  by  Powers  (unpub- 
lished, cited  by  Powers  and  Shefner,  1951).  The  inference  has  therefore 
been  drawn  by  Rubin  and  by  Powers  that  the  excess  frequency  of  muta- 
tions, above  that  explicable  by  ionizing  radiation,  was  caused  by  the 
changes  in  atomic  nuclei. 

Tritium  (H^),  in  contrast,  gave  no  evidence  of  mutagenesis  in  Para- 
mecium except  via  ionizing  radiation  (Powers  and  Shefner,  1948).  This 
corresponds  with  the  considerations  that  only  a  small  part  of  the  hydro- 
gen in  the  cell  is  in  its  chromatin  and  that  even  the  hydrogen  which  is  in 
the  chromatin  is,  for  the  most  part,  much  more  readily  replaceable,  if  lost 
or  transmuted,  than  is  the  phosphorus  in  it. 

In  work  on  mutations  to  streptomycin  resistance  in  E.  coli,  caused  by 
P^-,  the  frequency  of  mutations  expected  from  the  ionizing  radiation  was 
taken  into  account  by  Rubin  (1949;  see  also  Rubin  and  Steinglass,  1949, 
for  an  earlier,  less  definitive  treatment  of  the  matter).  Here  it  could  be 
shown  that,  on  account  of  the  very  small  size  of  the  bacterial  cells  and  the 
comparatively  long  range  of  the  given  ^  rays,  the  genetic  material  must 
have  been  exposed  to  practically  the  same  amount  of  ionizing  radiation 
regardless  of  the  distribution  of  the  P^^  between  the  cells  and  the  medium. 
This  being  the  case,  the  fact  that  significantly  more  mutations  were  pro- 
duced when  there  was  a  smaller  amount  of  the  stable  P^^  accompanying 
the  P^^  as  carrier  and  when  more  P^^  was  therefore  present  within  the  cell 
and  its  chromosomes  was  taken  as  showing  that  a  significant  proportion 
of  the  mutations  was  in  that  case  produced  by  the  transmutations  in  the 
nuclei  of  the  intracellular  atoms.  In  line  with  these  conclusions  are  those 
of  Hershey  et  al.  (1951),  who  have  shown  that  in  phage  the  killing  effect  of 
P^^  is  far  greater  than  can  be  explained  by  the  ionizing  radiation  produced 
by  it.  They  calculate  that  approximately  1  in  every  12  transmutations 
of  phosphorus  located  within  the  phage  gives  rise  to  its  death  as  a  result 
of  the  atomic  nuclear  change  or  recoil  itself. 

It  should  be  noted,  however,  that  neither  in  this  case  nor  in  the  case  of 
mutagenic  changes  is  there  yet  a  secure  basis  for  inferring  that  the  effec- 
tive transformations  were  always  in  atomic  nuclei  that  had  formed  a  part 
of  the  actual  genes.  For  chemical  changes  in  other  substances,  e.g.,  those 
which  later  took  part  in  the  formation  of  daughter  genes,  might  also  be 
conceived  as  having  a  mutagenic  effect.  For  this  reason  it  would  not 
be  safe  to  conclude,  even  if  the  evidence  for  mutagenesis  both  by  trans- 
mutation of  phosphorus  and  of  sulfur  were  admitted  to  be  convincing, 
that  both  the  nucleic  acid  and  the  protein  components  of  the  chromosome 
are  to  be  regarded  as  participating  in  the  structure  of  the  actual  gene. 

It  is  to  be  expected  that,  if  transmutations  occurring  in  administered 
radioisotopes  which  have  become  incorporated  in  the  cell  can  cause  muta- 
tions, then  transmutations  caused  by  the  absorption  of  slow  (thermal) 
neutrons  would  be  able  to  do  so  also,  provided  that  the  atoms  involved 


588  RADIATION   BIOLOGY 

were  of  types  which  occupied  "strategic"  positions.  However,  despite 
this  expectation  it  is  very  difficult  to  obtain  empirical  evidence  bearing  on 
this  matter,  a  good  deal  more  so  than  in  the  case  of  administered  radio- 
isotopes. This  is  because  many  of  the  atoms  which  can  be  transmuted 
by  thermal  neutrons  are,  like  boron,  not  present  in  the  cell  in  the  genetic 
material  or  in  compounds  likely  (when  thus  altered)  to  affect  the  genetic 
material,  although  at  the  same  time  the  ionizing  radiation  generated  in 
connection  with  these  transmutations  is  so  considerable  that  it  would 
produce  many  gene  mutations.  On  the  other  hand,  those  transmutable 
elements,  such  as  nitrogen,  which  probably  do  occupy  strategic  locations, 
are  also  so  abundantly  represented  in  other  parts  of  the  cell  that  the 
mutations  produced  via  the  ionizing  radiation  would  in  this  case  too  be 
likely  far  to  outweigh  in  numbers  any  produced  by  the  transmutation 
itself,  occurring  in  these  relatively  rare  locations.  Thus  despite  the  work 
(Conger  and  Giles,  1950)  indicating  the  high  mutagenicity  of  thermal 
neutrons  and  other  work  indicating  their  peculiar  damaging  effects,  there 
is  as  yet  no  real  evidence  that  thermal  neutrons  produce  a  significant 
proportion  of  mutations  by  virtue  of  the  chemical  changes  resulting  from 
the  transmutations  of  atomic  nuclei  engendered  by  them.  The  ionizing 
particles,  by  virtue  of  which  they  produce  most  of  their  mutations,  result 
for  the  most  part  in  densely  ionized  tracks,  which  have  mutagenic  effi- 
ciencies and  frequency-dosage  relations  similar  to  those  of  other  fast 
charged  particles. 

It  remains  to  consider  the  possibility  of  producing  mutations  by  forms 
of  radiation  other  than  ionizing  radiation  and  ultraviolet  and  by  other 
influences  of  a  nature  primarily  physical.  The  question  of  the  mutagenic 
influence  of  visible  light  has  already  been  considered  (pp.  541-542).  That 
of  radiation  longer  than  visible  light  has  been  studied  on  various  occasions. 
Infrared,  although  increasing  the  frequency  of  chromosome  changes  pro- 
duced by  ionizing  radiation,  has  always  been  found  to  be  mutagenically 
ineffective  when  given  alone.  Exposure  of  Drosophila  to  extremely 
powerful  electromagnetic  vibrations  of  the  order  of  100-1000  meters  in 
length  (radiowaves),  by  placing  them  in  a  very  steep,  rapidly  alternating 
electric  gradient,  failed  to  produce  mutations  in  experiments  carried  out 
by  Horlacher  (1930)  or  by  Schmitt  and  OHver  (1932),  although  the  treat- 
ment was  so  drastic  as  to  kill  or  sterilize  the  majority  of  the  flies.  Nega- 
tive results  of  high-frequency  alternating  potentials  on  mutation  in 
Drosophila  were  also  obtained  by  Kerkis  (1935b)  and  by  Pickhan, 
Timofeeff-Ressovsky,  and  Zimmer  (1936).  The  waves  used  by  the  last 
three  investigators  were  only  6  meters  in  length.  Ives  and  Muller  in 
1944  (unpublished  work)  exposed  Drosophila  males  for  over  a  week  to  very 
intense  radiation,  of  still  shorter  wave  length,  about  10  cm  long,  emitted 
by  a  klystron.  In  these  experiments  also  no  effect  on  mutation  rate 
could  be  observed,  either  in  mature  spermatozoa  or  in  spermatogonia. 
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Mechanical  vibrations  of  supersonic  frequency,  up  to  a  rate  of  285,000 
per  second,  were  tried  on  adult  Drosophila  by  Hersh,  Karrer,  and  Loomis 
(1930).  Only  mutations  (sex-linked  or  dominant  autosomal)  which  were 
visible  by  inspection  of  the  first  generation  of  offspring  were  looked  for. 
It  was  not  possible  by  the  methods  used  to  demonstrate  a  heightened 
rate  of  production  of  these,  except  for  the  appearance,  in  the  offspring  of 
several  treated  males,  of  a  mottled-eye  character.  Although  in  other 
work  mottled  eyes  have  nearly  always  been  associated  with  structural 
chromosome  changes  that  were  produced  by  radiation,  the  mottled  in 
this  case,  unlike  that  found  elsewhere,  proved  to  be  of  a  recessive  auto- 
somal nature  and  to  have  low  penetrance.  This,  combined  with  the  fact 
that  the  same  trait  appeared  in  this  case  in  the  immediate  offspring  of 
more  than  one  treated  male  and  in  several  of  the  offspring  of  some  of 
these  males,  indicates  that  the  mutation  had  been  present  prior  to  treat- 
ment. It  is  probable  that  in  this  work  air  interposed  a  barrier  to  the 
transmission  of  the  vibrations.  More  recently,  however,  Wallace  et  at. 
(1948),  using  400,000  vibrations  per  second  transmitted  through  liquid, 
have  reported  obtaining  abundant  chromosome  changes  by  the  treatment 
of  root  tips  of  Allium  and  Narcissus  and  shoots  of  Helianthus.  They  also 
state,  in  their  preliminary  note,  that  they  have  obtained  lethal  and 
visible  mutations  and  inversions  by  treatment  of  adult  Drosophila.  On 
the  other  hand,  Fritz-Niggli  and  Boni  (1950),  using  supersonic  vibrations 
at  800,000  per  second  transmitted  to  immature  stages  of  Drosophila 
through  water,  and  Frings  and  Boyd  (1951)  using  sonics  at  6000  per 
second  transmitted  to  adults  through  air,  have  both  reported  no  produc- 
tion of  mutations,  despite  the  damaging  effects  of  the  treatment  on  sur- 
vival and  (with  the  immature  stages)  on  the  developmental  pattern. 

Mechanical  stress  applied  in  the  form  of  the  "pseudo-gravity"  created 
by  centrifuging  has  also  been  reported  to  result  in  the  appearance  of  some 
chromosome  fragments  and  other  structural  changes  and  of  abundant 
disturbances  of  chromosome  distribution,  leading  to  inheritable  aneuploid 
and  polyploid  chromosome  sets,  in  work  of  Kostoff  (1935a,  b,  1938)  on 
varied  plants  {Nicotiana,  Vicia,  Triticum,  and  Crepis).  It  is  not  clear 
whether  the  cases  of  breakage  and  recombinational  union  (supposing  that 
control  material  would  show  them  really  to  have  been  increased  in  fre- 
quency) were  caused  by  a  mere  decrease  in  the  probability  of  restitution 
of  spontaneously  arising  breaks  or  whether  the  frequency  of  breakage 
itself  had  been  increased.  At  any  rate,  as  was  pointed  out  by  Kostoff, 
this  effect  of  centrifuging  may  also  lie  at  the  basis  of  the  increase  in 
mutation  frequency  which  had  been  observed  by  Stubbe  (1930)  in 
Antirrhinum,  after  he  had  subjected  the  growing  tissues  to  varied 
chemicals  (Chap.  7).  For  in  all  the  chemical  treatments,  unUke  the 
controls,  centrifuging  had  been  used  to  assist  penetration,  and  it  was  a 
curious  fact  that  it  seemed  to  make  little  difference  what  chemical  (even 
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distilled  water)  was  used,  there  being  always  about  the  same  amoiuit  of 
increase  in  the  mutation  rate  over  the  noncentrifuged  controls. 


20.  QUESTIONS  CONCERNING  SELECTIVITY  OF  RADIATION  MUTAGENESIS 

Despite  the  general  similarity  between  spontaneous  and  radiation- 
induced  mutations  in  much  material,  as  well  as  between  mutations  pro- 
duced by  different  types  of  radiation  or  by  radiation  applied  under  differ- 
ent conditions,  it  has  not  yet  been  possible,  in  any  material,  to  obtain 
quantitative  evidence  that  the  locus-by-locus  frequencies  of  mutations, 
relative  to  one  another,  or  the  relative  frequencies  of  alleles  at  the  same 
locus — to  include  both  points,  the  mutational  "spectra" — are  actually 
the  same  in  these  cases.  In  fact,  if  both  chromosome  changes  and  point 
mutations  are  included  in  the  reckoning,  the  spectra  are  certainly  not  the 
same  since  these  two  general  categories  are  known  not  always  to  run 
parallel.  Since  in  some  material  both  are  capable  of  giving  hereditary 
changes  having  visible  expressions,  but  expressions  which  differ  to  some 
extent,  this  at  least  would  cause  differences  in  the  spectra  of  visible  muta- 
tions obtained  under  different  conditions.  A  more  interesting  question, 
however,  is  whether  or  not  the  point  mutations  themselves,  when  arising 
from  different  primary  causes,  show  differences  in  their  relative 
frec^uencies. 

Gustafsson,  in  his  work  on  mutations  produced  by  exposing  barley 
seeds  to  X  rays,  brought  forward  evidence  in  1940  and  thereafter 
(Gustafsson,  1946,  1947;  D'Amato  and  Gustafsson,  1948)  that  a  certain 
rare  mutant,  alboxantha,  which  had  arisen  several  times  after  irradiation 
of  wet  seeds,  had  never  arisen  after  irradiation  of  dry  seeds.  According 
to  Haldane,  as  cited  by  Gustafsson,  the  difference  was  statistically  sig- 
nificant. On  the  other  hand,  tigrina,  also  rare,  seemed  to  arise  somewhat 
oftener  when  the  irradiated  seeds  were  dry.  D'Amato  and  Gustafsson 
(1948)  and  Gustafsson  and  Nybom  (1948)  further  showed  that,  when 
colchicine-treated  seeds  were  irradiated,  there  was  a  distinct  increase  in 
the  relative  frequency  of  xantha,  alboviridis,  and  a  number  of  other 
rare  types,  an  effect  not  evident  under  other  special  conditions  of 
irradiation  except  possibly  when  potassium  cyanide  had  been  applied. 
Although  it  might  be  speculated  that  these  types  were  connected  with 
chromosome  changes  that  were  more  likely  to  be  produced  in  chromo- 
somes of  the  condensed  type  favored  by  colchicine,  there  is  no  proof  of 
this.  Gustafsson  did  show,  however,  that  some  of  the  kinds  of  visible 
mutants  observed  by  him,  notably  xantha  and  viridis,  were  present 
(heterozygously)  only  in  those  first-generation  plants  (i.e.,  those  grown 
from  irradiated  seeds)  which  showed  some  infertility  and  hence  may 
have  carried  chromosome  changes,  whereas  the  most  frequent  kind  of 
mutant,    albina,    was   evidently    a   point  mutation,   uncorrected   with 
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infertility.  Viridis,  however,  although  connected  with  infertility,  was 
not  markedly  increased  in  frequency  by  colchicine.  Hence  these  findings 
call  for  further  genetic  analysis.  Using  nitrogen  mustard  on  barley  seed, 
Gustafsson  and  MacKey  (1948)  found  that,  in  contrast  to  the  results 
from  X  rays,  viridis  was  produced  far  oftener  than  albina. 

In  a  series  of  studies  on  visible  mutants  produced  by  irradiation  of 
Antirrhinum,  Kaplan  (1939,  1940a,  1946,  1948c),  using  pollen,  and  Knapp 
and  Kaplan  (1942),  using  seeds,  found  apparent  differences  in  the  rela- 
tive frequencies  of  different  phenotypically  defined  classes  of  mutations, 
depending  on  whether  the  material  was  irradiated  in  the  dry  or  soaked 
condition.  When  pollen  was  used,  the  R  group  of  mutations,  expressed 
either  as  changes  in  (not  absence  of)  chlorophyll  or  as  absence  of  antho- 
cyanin,  appeared  to  be  little  if  at  all  increased  in  frecjuency  by  soaking 
the  pollen  before  irradiation,  whereas  the  Q  group,  expressed  either  as 
absence  of  chlorophyll  or  as  form  and  growth  changes,  was  increased  con- 
siderably. However,  the  error  for  the  R  group  was  considerably  greater 
because  of  its  unusually  high  and  variable  control  rate.  Curiously,  the 
division  into  categories,  according  to  the  effect  of  soaking  on  frecjuency, 
appeared  to  cut  along  a  very  different  line  when  seeds  were  used  for 
irradiation.  For  in  that  case,  the  abnormalities  which  seemed  to  pre- 
dominate when  dry  seeds  were  irradiated  were  those  visible  in  young 
seedlings,  and  when  wet  seeds  were  used  they  were  those  visible  in  later 
stages.  Kaplan  warns,  however,  that  both  the  viabilities  and  classi- 
fiabilities  of  different  types  vary  greatly  from  plot  to  plot,  according  to 
environmental  conditions.  It  is  not  unlikely  that  this  would  also  be 
found  true  in  barley. 

With  barley  seeds,  Kaplan  (1950c,  1951),  although  finding  considerable 
differences  in  the  relative  frequencies  of  visible  mutations  and  chromo- 
some changes  according  to  the  state  of  hydration  and  accompanying 
chemicals  (see  Sects.  15  and  17),  nevertheless  failed  to  find  significant 
differences  in  the  ratios  of  different  phenotypic  classes  of  visible  mutations. 
Moreover,  unlike  Gustafsson,  he  failed  to  find  that  certain  classes  are 
more  correlated  than  others  with  infertility  of  the  plant  arising  from  the 
irradiated  seed. 

In  E.  coli  strain  B/r,  Newcombe  (1952)  showed  conclusively  in  1949 
that  there  were  pronounced  differences  in  the  ratios  of  different  kinds  of 
mutations  to  streptomycin  resistance  and  of  those  to  phage  Tl  resistance, 
according  to  whether  the  mutations  were  spontaneous  or  induced  by  ion- 
izing radiation  or  by  ultraviolet.  The  three  types  into  which  he  classified 
streptomycin  resistance  were  sr  (merely  resistant),  sdo  (partially  depend- 
ent on  streptomycin),  and  sdx  (completely  dependent).  Among  the 
spontaneous  and  y-  and  ultraviolet-induced  mutations  these  three  types, 
taken  in  the  foregoing  order,  occurred  in  approximately  the  ratios  3:4:1, 
2:2:1,  and  1:1:2.     Moreover,  differences  appeared  when  the  sdo  type 
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was  broken  down  into  different  degrees  of  dependence,  as  measured  by 
the  minimum  streptomycin  requirement  for  each  mutant,  inasmuch  as 
the  ultraviolet  mutants  showed  the  greatest  and  the  7  mutants  the  least 
uniformity  in  this  respect.  Phage  resistance,  which  under  all  circum- 
stances arose  much  more  frequently  than  streptomycin  resistance  of  all 
types  taken  together,  showed  less  increase  in  frequency  from  either  7  or 
ultraviolet  radiation,  relative  to  the  spontaneous  frequency,  than  did 
streptomycin  resistance.  However,  the  7  rate  was  four  times  as  high, 
relative  to  the  ultraviolet  rate,  in  the  case  of  phage  resistance,  as  it  was 
in  the  case  of  streptomycin  resistance.  Looking  at  the  matter  from 
another  angle,  7  rays  resulted  in  rates  of  the  two  groups  of  mutations 
which  were  four  times  as  unequal  as  those  produced  by  ultraviolet. 

As  Newcombe  points  out,  tests  on  crossable  E.  coli  K12  (a  strain  not 
used  in  his  study)  have  shown  that,  in  that  strain  at  least,  all  the  differ- 
ent mutations  to  streptomycin  resistance  are  alleles.  It  is  therefore 
probable  that  the  differences  in  relative  frequencies  of  different  kinds  of 
streptomycin  resistance  found  in  Newcombe's  work  for  the  mutations 
produced  in  different  ways  represent  differences  in  the  likelihood  of  one 
or  another  kind  of  mutation  occurring  in  a  given  gene,  according  to  the 
causative  factor  at  work. 

In  a  different  type  of  comparison  of  the  spectra  of  mutations  of  E.  coli 
strain  B/r,  arising  spontaneously  and  as  a  result  of  ultraviolet  treatment, 
Bryson  and  Davidson  (1951)  followed  the  pattern  of  mutations  to  resist- 
ance to  phages  and  of  nutritional  deficiencies,  occurring  in  those  cells 
which  became  Tl-resistant  mutants.  It  turned  out  that  spontaneous 
mutations  giving  resistance  to  phage  Tl  involved,  in  nearly  90  per  cent 
of  cases,  a  simultaneously  arisen  change  of  one  of  the  following  kinds: 
resistance  to  phage  T5  (about  50  per  cent  of  the  Tl-resistant  cases),  a 
tryptophane-requiring  nutritional  deficiency  (about  30  per  cent),  or  both 
these  characteristics  at  once  (about  5  per  cent),  or  resistance  to  all  the 
phages  T3,  T4,  and  T7,  but  not  T5,  along  with  the  "tryptophaneless" 
deficiency  (about  3  per  cent).  In  contrast  to  this,  the  mutations  to  Tl 
resistance  produced  by  ultraviolet  were  very  seldom  tryptophane  defi- 
cient, perhaps  no  oftener  than  would  have  been  expected  by  the  accidental 
coincidence  of  two  independent  mutations  to  these  traits.  However,  they 
had  T5  resistance  associated  with  them  still  oftener  (in  some  92  per  cent  of 
cases)  than  did  the  spontaneous  mutations,  yet  no  cases  of  resistance  to 
phages  T3,  T4,  or  T7  were  found.  It  is  true  that  they  did  occasionally 
involve  deficiencies  for  other  metabolites,  of  types  not  found  with  the 
spontaneous  mutations  to  Tl  resistance,  but  possibly  these,  like  the  few 
cases  of  tryptophaneless  among  them,  can  be  ascribed  to  an  accidental 
association,  caused  by  the  high  rate  of  induced  mutations.  However  that 
may  be,  the  striking  difference  in  regard  to  association  with  tryptophane- 
less must  have  been  due  to  a  difference  between  the  nature  of  the  mutation 
process  instigated  by  ultraviolet  and  of  that  occurring  "spontaneously." 
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Work  on  fungi  also  has  yielded  evidence  of  differences  in  mutational 
spectra.  The  first  apparent  case  was  that  described  in  a  series  of  papers 
by  McAulay  and  Ford  and  co-workers  (McAulay,  Plomley,  and  Ford, 
1945;  Ford,  1946;  McAulay  and  Ford,  1947;  Ford  and  Kirwan,  1949) 
in  experiments  (see  Sect.  11)  on  spores  of  the  ascomycete  Chaetomium 
globosum.  These  investigators  found  that  ultraviolet  and  visible  light 
over  the  range  studied,  2654-4047  A,  showed  a  markedly  different  dis- 
tribution of  mutagenic  efficiencies  among  the  different  wave  lengths  for 
"saltations"  of  the  peculiar  morphological  type  designated  as  "K"  than 
for  the  other  morphological  "saltants"  as  a  group  or  for  lethal  effects 
(which  agreed  with  the  latter  in  their  production  spectrum).  Over  the 
range  2654-2967  A,  the  K  saltants  were  some  2J^^-4  times  as  frequent  as 
all  other  morphological  saltants  taken  together  and,  in  fact,  attained  the 
surprising  frequency  of  over  25  per  cent  (a  figure  so  high  as  to  raise  the 
question  whether  they  were  really  gene  mutations).  However,  at  3342  A 
the  K  type  tapered  down  to  one-third  as  frequent  as  all  the  other  form 
changes  taken  together,  and  at  still  longer  wave  lengths,  K  gave  no 
evidence  whatever  of  being  produced.  On  the  other  hand,  the  other 
morphological  saltants,  as  mentioned  in  Sect.  11,  were  produced  to  some 
extent  even  by  wave  lengths  as  long  as  4047  A.  With  X  rays  also  it 
was  found  (Ford  and  Kirwan,  1949)  that,  despite  the  production  of 
morphological  saltants  of  other  types,  none  of  type  K  were  produced. 
With  X  rays,  there  was,  in  addition,  a  significantly  higher  frequency  of 
pigment  mutations,  in  proportion  to  other  morphological  types,  than 
there  was  with  ultraviolet  treatment. 

McAulay  is  inclined  to  interpret  the  wave-length  specificity  of  the 
change  to  K  as  indicating  that  a  mutation  to  K  is  induced  when  a  given 
protein,  with  an  absorption  band  at  2600  3000  A,  has  this  band  excited. 
However,  the  significance  of  these  studies  for  problems  of  mutation  is 
made  very  doubtful  by  the  findings  of  these  investigators  that  K  is  often 
unstable  in  the  early  stages  of  development  of  the  clone  and  that  it  usually 
fails  to  be  transmitted  through  another  cycle  of  spore  formation.  It 
thereby  becomes  likely  that  it  represents  not  a  mutation  in  the  chromo- 
somal material  but  the  appearance,  due  to  a  change  in  the  cytoplasm,  of 
an  alternate  state  with  regard  to  the  production  of  a  particular  substance, 
as  in  the  case  of  antigen  production  in  Paramecium  worked  out  by 
Sonneborn  (for  review,  see  Sonneborn,  1951).  Such  a  state,  once  estab- 
lished, tends  to  continue  through  some  process  of  an  autocatalytic  nature, 
such  as  a  flux  equilibrium,  but  it  can  be  disturbed  by  varied  means.  In 
Paramecia,  one  of  these  means  consists  in  the  application  of  ultraviolet. 
The  chromosomal  genes,  however,  determine  the  alternate  cytoplasmic 
states  that  are  possible.  All  this  emphasizes  the  desirability  of  genetic 
analyses  in  such  cases. 

Tatum  (1950)  in  a  review  article  has  summarized  the  results  of  differ- 
ent investigators  on  the  relative  freciuencies  of  origination  of  different 
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types  of  nutritional-deficiency  mutations  in  Neurospora,  occasioned  by 
X  rays,  ultraviolet,  and  various  mustards.  The  results  do  not  seem  very 
suitable  for  an  accurate  quantitative  comparison,  being  rather  variable 
even  with  the  same  agent  and  stage  of  treatment.  This  is  in  part  because 
of  the  use  of  different  methods  of  detection  and  the  fact  that  the  numbers 
of  mutants  were  rather  small  in  most  cases  in  which  complete  analyses 
and  records  were  made.  Making  allowance  for  all  this,  however,  these 
results,  in  so  far  as  they  go,  have  failed  to  show  clear  differences  in  the 
mutational  spectrum  obtained  by  the  use  of  different  agents  or  by  appli- 
cation of  the  same  agent  to  different  kinds  of  cells  such  as  macroconidia, 
microconidia,  and  young  perithecia.  This  is  true  despite  the  facts  that 
(1)  different  types  of  deficiencies  do  arise  with  significantly  different  fre- 
quencies and  (2)  the  different  kinds  of  cells  used  for  treatment  have  very 
different  total  mutation  rates,  in  response  to  a  given  dose  of  a  muta- 
genic agent.  Previously  published  results  on  Penicillium  (Bonner,  1946) 
and  on  bacteria  (Tatum,  1946)  are  regarded  by  Tatum  as  having  given 
results  of  essentially  the  same  kind,  i.e.,  a  similarity  in  the  mutational 
spectrum  with  different  agents,  although,  of  course,  it  did  differ  markedly 
from  one  kind  of  organism  to  another. 

More  recently,  however,  Giles  (1952),  in  genetically  analytical  and  very 
precise  and  large-scale  work  on  point  mutations  of  a  particular  locus  group 
in  Neurospora,  that  mutating  to  and  from  inositol  deficiency,  has  obtained 
definite  evidence  of  differences  in  the  relative  frequencies  of  mutations  of 
different  alleles  (or  pseudo-alleles)  of  this  locus  group,  in  untreated  mate- 
rial and  in  that  subjected  to  ultraviolet  and  to  X  rays,  respectively. 
Eight  different  strains  of  inositoUess,  all  much  alike  in  growth  responses 
but  representing  independently  arisen  alleles  or  pseudo-alleles  (some  pro- 
duced by  ultraviolet  and  some  by  mustard)  of  the  same  multiple  locus, 
were  extensively  tested  to  determine  their  frequencies  of  reverse  muta- 
tion, at  that  locus,  to  the  inositol-independent  type.  They  were  found 
to  dilYer  widely  from  one  another  in  their  spontaneous  rate  of  reverse 
mutation,  falling  into  at  least  five  (and  probably  eight)  classes  that  were 
significantly  different  in  this  respect.  One  strain  gave  no  spontaneous 
reverses  at  all,  one  less  than  0.01  per  million,  others  different  rates  from 
0.01-0.1,  and  one  15  per  million  surviving  conidia.  It  was  shown  by 
genetic  tests  that  these  differences  depended  on  the  locus  for  inositoUess 
itself  that  was  present  in  the  given  case,  not  on  differences  in  "modifying 
genes."  When  ultraviolet  was  applied,  the  rates  thus  induced  also  varied 
greatly,  but  they  showed  relative  frequencies  significantly  different  from 
the  spontaneous  ones. 

Thus,  with  ultraviolet,  although  the  completely  nonmutating  strain 
still  gave  no  mutations,  two  strains,  Nos.  37401  and  64001.  which  had 
given,  in  the  microconidia,  0.02  and  0.1  spontaneous  mutants  per  million, 
respectively,   now  gave   10.0  and   1.0,   their  relative  frequencies  being 
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approximately  reversed.  Again,  strain  89601,  which  had  given  a  spon- 
taneous rate  of  0.002  in  the  microconidia,  or  about  a  tenth  of  the  spon- 
taneous rate  of  strain  37401,  gave  with  ultraviolet  only  0.05,  or  less  than 
a  hundredth  the  ultraviolet  rate  of  strain  37401. 

On  the  other  hand,  when  X  rays  were  applied  to  strains  37401  and 
89601,  their  rates  were  found  to  be  2.75  and  1.25,  respectively.  Thus, 
with  X  rays,  the  rate  of  89601  had  risen  to  0.45  as  great  as  that  of  37401. 
In  the  absence  of  X-ray  tests  on  the  other  strains,  however,  it  is  too  early 
to  conclude  that  ionizing  radiation  tends,  in  general,  to  give  rates  of 
mutation  which  are  more  nearly  alike  (i.e.,  less  discriminating)  than  those 
arising  from  ultraviolet  or  spontaneously.  It  may  be  recalled  (see  p. 
592)  that  in  E.  coli  Newcombe  found  four  times  as  high  a  ratio  between 
the  rates  of  phage-resistant  and  streptomycin-resistant  mutations  with 
7  rays  as  with  ultraviolet.  Thus  the  only  generalization  permissible  so 
far  seems  to  be  that  different  agents  do  differ,  in  favoring  one  rather  than 
another  type  of  mutation,  even  of  the  same  locus. 

The  differences  reported  by  Anderson  (1951)  between  the  rates  of 
mutation  to  streptomycin  independence  and  purine  independence  induced 
by  X  rays  in  E.  coli,  when  different  doses  are  used,  may  be  considered  as 
another  case  of  differential  mutagenic  action  since,  owing  to  the  different 
frequency-dosage  curve  for  these  two  mutations,  higher  doses  gave  very 
different  ratios  of  them  to  one  another  than  did  lower  doses.  A  similar 
but  less  marked  difference,  of  course,  occurs  in  Drosophila,  when  pheno- 
typic  effects  such  as  mottled  eye,  caused  by  chromosome  changes  requir- 
ing more  than  one  hit,  are  compared  with  those  derived  from  point 
mutations.  How^ever,  although  it  is  possible  that  the  purine-independent 
variant  represents  a  multihit  mutation  in  the  chromosome  material,  it  is 
alternatively  possible  that  it  represents  a  change  similar  to  the  antigen 
changes  in  Paramecia,  as  was  suggested  on  p.  593  for  the  K  variant  of 
Chaetomium.  If  so,  this  would  help  to  explain  why  its  curve  of  frequency 
with  dosage  had  the  same  shape  as  that  for  killing,  inasmuch  as  it  would 
tend  to  follow  the  production  of  a  given  amount  of  cytoplasmic  disturb- 
ance. All  this  indicates  the  desirability  of  either  data  on  the  frequency- 
dosage  relations  or  genetic  analysis,  before  judgment  is  passed  concerning 
differences  in  the  nature  of  mutational  processes,  based  on  differential 
mutagenic  effects  of  different  agents  or  conditions  on  different  types  of 
mutations. 

In  addition  to  the  possibility  of  changes  of  cytoplasmic  origin  of  the 
type  mentioned,  there  is  also  that  of  mutations  or  losses  of  actual  genetic 
material  which  is  included  in  the  cytoplasm.  Thus  kappa  in  Paramecium 
may  be  very  readily  destroyed  by  radiation  and  by  some  other  treatments 
(Sonneborn,  1951),  chloroplastids  can  be  destroyed  by  streptomycin 
(Provasoli,  Hutner,  and  Pintner,  1952),  and  the  loss  of  certain  self- 
reproducing  elements  in  yeast  cytoplasm  can  be  induced  in  100  per  cent 
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of  cases  by  treatments  with  given  chemicals,  such  as  acriflavin  (Ephrussi, 
1951).  It  is  not  to  be  expected  that  these  seeming  mutations  would 
respond  in  the  same  way  to  different  mutagenic  agents  or  to  changes  in 
their  dosage,  as  would  point  mutations  in  the  nuclear  chromosomes. 

In  Neurospora,  however,  as  Tatum  (1946)  and  Giles  (1952)  have  both 
pointed  out,  all  the  self-perpetuating  changes  so  far  studied  with  reference 
to  their  mode  of  transmission  have  proved  to  have  their  basis  in  the 
nuclear  chromosomes.  Hence  the  cited  evidence  from  this  organism,  at 
least,  does  show  clearly  the  existence  of  significant  differences  in  muta- 
tional spectra,  in  other  words,  that  under  different  conditions  of  muta- 
genesis the  mutabilities  of  different  loci  will  vary,  relatively  to  one 
another.  It  is  natural  to  refer  these  evidences  of  selectivity  to  differences 
in  the  composition  of  the  genes.  It  should  not  be  forgotten,  however, 
that  the  materials  surrounding  different  regions  of  the  chromosome  also 
differ  to  some  extent,  usually  because  of  products  locally  formed  under 
the  influence  of  genes  of  the  same  regions  (as  illustrated  by  nucleoli, 
centromeres,  secondary  constrictions,  heterochromatic  regions,  chromo- 
meres,  etc.).  It  is  possible  that  these  differences,  external  to  the  genes 
themselves,  may  also  play  a  part  in  conditioning  the  relative  mutabili- 
ties which  they  exhibit  under  different  circumstances,  in  cases  in  which 
genes  at  different  loci  are  being  compared. 

Nothing  has  been  said  thus  far  about  the  various  studies  dealing  with 
the  relative  frequencies  and  types  of  induced  mutations  of  genes  at 
different  loci,  or  of  different  alleles  of  the  same  locus,  or  of  "direct"  as 
compared  with  reverse  mutation,  under  fixed  conditions  of  mutagenesis. 
This  large  subject  is  primarily  of  interest  to  the  geneticist,  as  showing 
the  differing  mutational  potentialities  of  genes  rather  than  the  means  of 
changing  them.  It  is  only,  when  the  relative  frequencies  of  the  different 
types,  i.e.,  the  mutational  spectra,  have  been  studied  under  different 
conditions  of  mutagenesis,  or  in  response  to  mutagenic  agents  and  "spon- 
taneously," that  light  may  by  present  means  be  thrown  on  the  mecha- 
nisms involved;  for  only  then  has  the  selectivity  been  shown  to  involve 
the  mutagenic  agent  as  well  as  the  genetic  material  itself.  These  latter, 
therefore,  are  the  cases  which  have  been  reviewed  in  the  preceding 
account. 

As  for  the  studies  in  which  spectra,  either  for  varied  loci  or  for  the 
varied  mutations  of  a  given  locus,  have  been  made  only  under  one  pri- 
mary condition  of  mutagenesis  (e.g.,  by  ionizing  radiation),  it  is  sufficient 
to  say  that  they  have  already  allowed  the  emergence  of  a  number  of 
principles.  Most  of  these  principles  were  put  forward  long  ago,  on  the 
basis  of  observations  on  spontaneous  mutations  (MuUer,  1921,  1923), 
and  have  since  been  confirmed  on  mutations  induced  by  radiation. 
Among  these  principles  is  the  fact  that  the  expressions  of  different  alleles 
arising  by  one  step  from  the  same  gene  can  differ  qualitatively  as  well  as 
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quantitatively  and  can  even,  on  occasion,  involve  seemingly  quite 
different  characters.  The  different  alleles  of  one  gene  commonly  arise 
from  a  given  allele  with  different  frequencies.  The  seemingly  smaller 
changes  of  a  given  gene  do  not  necessarily  arise  oftener  than  the  large 
changes  so  as  to  tend  to  form  a  normal  curve,  but  the  more  marked  change 
is  sometimes  the  most  frequent. 

Among  the  principles  which  have  attracted  the  greatest  amount  of 
attention  is  the  fact  that,  in  most  mutant  genes  studied  with  reference  to 
the  question,  reverse  mutations  can  occur  but  that  the  reverse  mutation, 
which  must  be  conceived  as  ordinarily  being  a  more  specific  type  of 
biochemical  change,  is  usually  much  less  frec^uent  than  the  direct  one. 
For  the  same  reason,  full  reversion  in  some  loci  requires  more  than  one 
step.  Actually,  however,  the  relative  frequency  of  mutation  in  two 
opposite  directions  does  not  depend  primarily  on  which  direction  of  muta- 
tion is  from  normal  to  abnormal  and  which  is  the  reverse  but  rather  on 
which  direction  is  toward  a  more  " hypomorphic "  (or  ''amorphic")  and 
which  toward  a  more  "  hypermorphic  "  (or  "neomorphic")  condition  (see 
Chap.  7).  It  is  because  most  reverse  mutations  are  of  the  hyper- 
morphic, or  neomorphic,  type  that  they  are  less  frequent  than  their 
opposites.  Not  only  the  expression  of  the  mutant  gene  may  change 
when  a  mutation  occurs  but  also  its  apparent  mutability.  In  fact,  there 
can  even  be  different  alleles  having  the  same  expression  but  different 
apparent  mutabilities  (Timofeeff-Ressovsky,  1932a,  b;  Giles,  1952). 
Further  complications  occur  when  the  geneticist  is  deahng  with  a  group 
of  closely  neighboring  loci,  related  by  duplication  or  by  position  effect. 
A  discussion  of  all  these  matters,  however,  has  its  place  in  a  treatment 
primarily  concerned  with  genetics  proper  rather  than  with  mutagenesis. 

21.  CONCLUDING  CONSIDERATIONS 

The  findings  in  Sect.  20,  especially  those  dealing  with  a  given  locus, 
illustrate  the  inadequacy  of  the  concept  of  "energy  levels"  by  itself 
(advocated  by  Timofeeff-Ressovsky,  Zimmer,  and  Delbrlick,  1935; 
Schrodinger,  1944;  Blum,  1951;  McElroy  and  Swanson,  1951)  for  under- 
standing mutation  and  the  influence  of  radiation  and  other  mutagenic 
and  antimutagenic  agents  on  this  process.  Certainly  different  genes  and 
different  alleles  of  a  gene  must,  to  some  extent,  have  different  energy 
levels  and  must  be  separated  by  different  energy  peaks  which  have  to  be 
surmounted  if  a  mutation  is  to  occur,  as  is  true  in  the  case  of  any  other 
chemical  reaction.  Moreover,  there  must  in  some  cases  be  intermediate 
shallower  troughs,  representing  less  stable  alleles,  lying  between  the 
observed  ones.  However,  although  these  energy  differences  must  form 
one  part  of  the  picture,  the  process  of  mutation  cannot  usually  be  the 
simple  one  of  merely  raising  the  amount  of  energy  enough  in  general,  or 
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even  in  the  locality  of  the  gene,  to  effect  the  given  transition.  The 
energy  must  be  applied  in  the  right  form,  i.e.,  through  the  intermediation 
of  a  chemical  and  dynamic  configuration  of  appropriate  kind,  if  it  is  to 
succeed  in  reaching  the  gene  effectively,  so  as  to  get  it  into  a  given 
neighboring  stable  state.  Thus,  the  "spontaneous"  process  which 
initiates  a  mutation  may  give  rise  to  a  particular  type  of  mutation  more 
effectively  than  ultraviolet  does,  and  the  latter  in  turn  may  favor  some 
other  sort  of  change  even  more  than  ionizing  radiation  does.  Neverthe- 
less the  energy  of  ionizing  radiation  is  so  great  and  splashes  out  in  so 
many  directions  that,  despite  its  being  to  some  extent  preferential,  it  may 
be  expected  to  have  the  potentiality  of  giving  rise  to  the  great  majority  of, 
if  not  all,  the  mutational  effects  producible  otherwise,  provided  a  large 
enough  amount  of  biological  material  could  be  observed. 

Another  point  (Muller,  1941b)  which  deserves  re-emphasis  is  that  the 
level  and  type  of  chemical  change  involved  in  a  gene  mutation  is  still 
unknown.  There  is  no  definite  evidence  whether  it  involves  a  change  in 
composition  or  arrangement  within  or  among  amino  acid  constituents; 
an  alteration  of  the  foldings  and  interattachments  of  parts  of  a  peptide 
chain;  or  some  kind  of  rearrangement  or  substitution  of  larger  bodies, 
such  as  elementary  protein  blocks,  with  regard  to  each  other.  Alterna- 
tively, and  perhaps  more  probably,  it  may  primarily  consist  in  one  or 
another  change  within  or  among  nucleotides  or  tetranucleotides,  in  an 
alteration  of  their  mode  of  association,  or  in  their  arrangement  within 
still  larger  units  of  which  they,  through  their  complicated  polymerization, 
form  parts.  It  would  be  futile  to  speculate  at  this  stage  on  which  types 
of  bonds  are  more  probably  involved.  Moreover,  the  same  kind  of 
uncertainties  exist  concerning  the  question  of  the  nature  of  the  chemical 
change  whereby  a  chromosome  is  broken  if,  indeed,  that  process  can 
more  properly  be  referred  to  as  a  chemical  rather  than  a  physical  one. 
Equally  gratuitous,  as  yet,  is  the  question  as  to  whether  the  break  is 
essentially  in  only  one  thread,  whose  axis  is  constituted  of  atoms  in  single 
file,  or  whether  several  or  many  such  threads  arranged  in  parallel  must 
be  broken  simultaneously. 

Yet  despite  this  lack  of  knowledge,  remarkable  progress  has  been  made 
during  the  last  five  years  in  unraveling  the  initial  steps  involved  in  the 
production  of  gene  and  chromosome  changes  by  radiation,  as  well  as  in 
bringing  to  light  a  number  of  other  features  of  the  chain  of  events. 
Again  the  picture  proves  to  be  one  in  which  not  only  the  physical  but 
also  the  chemical  peculiarities  are  important,  contrary  to  some  earlier 
views.  It  can  no  longer  be  assumed  that  an  ionization  occurring  within 
a  gene  is  necessary  and  sufficient  to  cause  a  point  mutation  of  that  gene 
or  that  some  given  luimber  of  ionizations  occurring  within  a  chromosome 
thread  is  necessary  and  sufficient  to  cause  a  break  of  that  thread.  The 
results  of  Stone  and  Wyss  and  co-workers  and  those  following  them,  on 
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the  one  hand,  and  of  Thoday  and  Read  and  those  following  them,  on  the 
other  hand,  have  shown  clearly  that  the  activated  products  of  the  irradia- 
tion of  water  which  contains  dissolved  oxygen,  and  even  of  water  without 
oxygen  when  the  activations  are  crowded  enough,  are  capable  of  causing 
both  point  mutations  and  chromosome  breaks.  In  fact,  the  evidence 
shows  that  under  ordinary  circumstances  a  considerable  majority  of  the 
mutations  and  breaks  produced  by  ionizing  radiation  are  brought  about 
in  this  way  rather  than  via  a  direct  hit  on  the  genetic  material.  Results 
of  chemical  studies  such  as  those  made  by  Fricke,  by  Barron  and  by 
Dale  have  made  this  finding  more  understandable.  It  is  true  that,  with 
ultraviolet  of  wave  lengths  too  long  to  dissociate  water  directly,  the 
initiating  activation  may  usually  be  on  the  nucleic  acid  or  in  some  cases 
on  the  protein  of  the  chromosomes  themselves,  but  even  in  this  case  it  is 
conceivable  that  the  activation  may  sometimes  be  transferred  to  another 
constituent,  which  then  in  its  turn  reacts  back  upon  the  genetic  material. 

The  dissociation  of  water  is  only  the  first  step  in  the  major  pathway 
leading  to  mutagenesis  by  radiation.  The  studies  on  irradiated  medium, 
on  mutagenesis  by  substances  having  readily  activable  oxygen,  and  on 
the  promotion  or  interference  with  mutagenesis  by  other  influences, 
especially  by  those  applied  after  irradiation,  have  shown  that  following 
this  dissociation  there  may  be  additional  steps  intervening  before  the 
completed  point  mutation  or  break  and  that  substances  of  varied  types 
may  alternatively  serve  as  intermediaries  here.  Undoubtedly,  in  some 
cases,  hydrogen  peroxide  is  an  important  substance  in  this  class. 

The  existence  of  these  intermediate  steps  provides  means  by  which  the 
occurrence  of  mutagenesis  as  a  consequence  of  irradiation  may  be  to  some 
extent  controlled  and  whereby  it  has  also  been  opened  to  further  analysis. 
In  some  directions  this  field  of  investigation  ramifies  so  as  to  join  with 
the  whole  intricate  subject  of  oxidative  and  antioxidative  enzymes  and 
metabolism,  inasmuch  as  the  processes  therein  involved  affect  the  dis- 
tribution and  fate  of  the  primary  products  of  irradiation,  and  of  the 
secondary,  tertiary,  etc.,  products.  Thus,  although  certain  general 
principles  are  already  emerging  with  regard  to  the  effects  of  accessory 
physical  and  chemical  treatments  (such  as  the  protective  action  of  some 
sulfhydryl-containing  substances),  many  special  situations  also  intervene, 
varying  from  one  type  of  organism  to  another  and  from  one  type  of  tissue 
or  cell  stage  to  another  according  to  the  pecuHarities  of  their  structure 
and  reactions  in  destroying  or  producing  or  affecting  the  passage  of  differ- 
ent substances  or  in  responding  to  given  physical  influences  such  as 
temperature,  pressure,  or  visible  light.  For  this  reason  the  study  must 
be  carried  out  on  varied  biological  material. 

It  is  an  expression  of  this  situation  that  in  certain  bacteria  the  pathway 
from  primary  activation  to  mutation  may  be  long  spatially,  whereas  in  a 
number  of  higher  organisms  there  is  evidence  that  (with  ionizing  radiation 
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at  least)  it  is  usually  very  limited  in  regard  to  the  distance  traversed  by  it. 
Similarly,  great  differences  may  conceivably  occur  in  the  length  of  time 
between  its  initiation  and  completion,  as  well  as  in  the  number  and 
nature  of  the  intermediate  steps. 

These  steps  have  already  been  found  to  depend,  in  part,  on  the  nature 
of  the  mutagenic  agent  used.  Thus,  Auerbach's  observation  of  the  long 
delayed  mutagenesis  in  Drosophila  which  often  follows  treatment  with 
mustard  seems  to  support  the  conclusion  that  some  of  this  delay  is  caused 
by  the  genetic  material  itself  being  thrown  into  a  relatively  unstable 
state,  inasmuch  as  the  instability  appears  to  become  reproduced  with 
the  multiplication  of  the  cells  and,  in  given  instances,  to  be  concentrated 
at  a  particular  genetic  locus.  On  the  other  hand,  it  will  be  recalled  that, 
after  X  irradiation  of  Drosophila,  such  instability  does  not  occur  to  an 
appreciable  extent.  In  fact,  the  obtaining  of  evidence  on  this  point 
constituted  one  of  the  two  main  objectives  of  Muller's  first  work  on  X-ray 
mutagenesis  in  Drosophila  (MuUer,  1927,  1928b,  c)  since  at  that  time  the 
question  of  whether  or  not  the  gene  was  compounded  of  several  identi- 
cal parts  or  strands  was  an  acute  one,  and  it  had  been  shown  in  1926 
(Muller,  1929a)  that,  if  this  were  true,  the  appearance  of  a  temporary 
instability  of  mutants,  following  their  origination,  would  probably  be 
produced.  In  so  far  as  the  preliminary  evidence  allows  an  opinion,  genes 
treated  with  ultraviolet  appear  to  resemble  those  treated  with  X  rays  in 
their  stability.  This  would  argue  for  the  mustard  instability  being  due, 
not  to  the  gene  being  compounded  of  a  number  of  equivalent  elements 
which  may  become  segregated  at  mitosis,  but  to  an  actually  self-repro- 
ducing instability  of  composition  being  induced  in  the  gene  by  the 
mustard. 

Despite  the  general  similarity  of  the  results  of  mustard  mutagenesis  to 
those  obtained  by  radiation,  in  most  respects  there  are  important  differ- 
ences besides  the  one  just  mentioned,  which  show  the  existence  of  essen- 
tial dissimilarities  in  the  mutagenic  pathway.  The  study  of  these  and 
similar  studies  with  other  chemical  mutagens  promise  to  throw  a  reflected 
light  on  radiation  mutagenesis  itself.  One  of  these  differences  lies  in  the 
highly  synergistic  mutagenic  action  obtaining  between  ultraviolet  and 
mustard,  as  shown  when  they  are  applied  in  combination  (Swanson  and 
Goodgal,  1947),  as  compared  with  the  very  slight  synergism,  where  it 
occurs  at  all,  between  ultraviolet  and  X-ray  mutagenesis.  Again, 
mustard  gives  no  signs  of  causing  hydrogen  peroxide  production  and 
therefore  probably  fails  to  activate  water.  In  correspondence  with  this, 
Auerbach  and  Moser  (1951)  have  found  oxygen  to  have  no  effect  on 
mutagenesis  by  mustard  in  Drosophila.  Yet  it  has  been  calculated 
(Boyland,  1952)  that,  for  a  number  of  different  biological  effects,  the 
molar  concentration  of  mustard  required  for  a  given  cjuantitative  result 
is  of  the  same  order  of  magnitude  as  the  frequency  of  activated  water 
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radicals  produced  by  an  equivalent  dose  of  X  rays.  Thus,  something 
else  appears  to  take  the  place  of  activated  water  in  mustard  mutagenesis 
and  to  give  results  which  are  the  same  in  some  important  respects  but  not 
in  all  respects.  In  view  of  all  this,  it  is  evident  that  the  study  of  muta- 
genesis should  be  carried  on  with  due  regard  to  all  its  aspects,  in  order  to 
enable  the  best  progress  to  be  made,  rather  than  by  separating  radiation 
mutagenesis  as  a  field  in  itself,  apart  from  chemical  mutagenesis. 

There  seems  little  reason  for  doubting  that,  in  the  production  of  some 
of  the  mutations,  even  when  ionizing  radiation  is  used,  the  primary  change 
takes  place  actually  within  the  genetic  material  which  thereby  becomes 
changed.  The  case  cannot  yet  be  proved  categorically,  but  the  studies 
which  indicate  the  mutagenic  effect  of  transmutation  of  a  phosphorus 
atom  proper  to  the  chromosome  afford  a  probable  illustration  of  it,  and 
so  do  those  showing  the  similarity  of  nucleic  acid  or  protein  absorption 
curves  for  ultraviolet  between  2500  and  3200  A  with  the  mutagenic  effec- 
tiveness curves  over  this  range.  Possibly  the  mutagenic  action  of  X  rays 
on  dry  anaerobic  material  (Hollaender)  and  on  deeply  frozen  material 
(Faberge)  afford  other  illustrations  of  it.  In  any  event,  however,  much 
still  remains  to  be  done  in  the  study  of  the  more  "direct"  mutagenic 
effects  since  even  in  this  case  (as  the  evidence  from  the  reparative  effects 
on  mutagenesis  by  ultraviolet  indicates)  a  chain  of  processes  is  involved. 

The  evidence  of  the  noncompoundness  of  the  gene  or,  in  certain  cases, 
the  chromosome  (Muller,  1927,  1928a,  b,  c),  cannot  be  regarded  as  com- 
pletely convincing  so  long  as  the  possibility  remains  that  the  mutagenic 
effect,  when  produced  on  one  element,  may  automatically  spread  in  some 
way  to  neighboring  ones.  Mazia  and  Blumenthal's  (1950)  results,  show- 
ing a  surprisingly  extensive  spreading  of  the  enzyme  inactivation  induced 
by  ionizing  radiation  when  the  molecules  are  arranged  in  a  compact  film, 
bring  attention  to  this  problem.  Perhaps  similar  studies  with  ultraviolet 
would  enable  a  decision  to  be  made  since,  if  such  a  spreading  fails  to 
result  from  ultraviolet  treatment  and  if  the  mutagenic  effects  are  never- 
theless eciuivalent  in  this  regard,  it  might  be  concluded  that  there  is  no 
spreading  of  this  kind  in  mutagenesis  by  ultraviolet  and  that  therefore 
the  gene  and  chromosome  are  essentially  unitary. 

As  this  discussion  indicates,  a  separation  can  no  more  be  made  (except 
arbitrarily)  between  problems  of  the  nature  of  the  gene  and  chromosome 
and  those  of  mutagenesis  than  between  problems  of  radiation  and  chemi- 
cal mutagenesis.  Thus  radiobiology  must  be  intimately  concerned  with 
fundamental  genetics,  and  the  latter  in  turn  should  continue  to  profit, 
as  it  has  so  largely  already,  by  the  radiobiological  method  of  approach. 
Moreover,  since  so  many  of  the  so-called  "general  biological"  effects 
of  radiation  are  actually,  in  large  measure,  resultants  of  genetic  effects  in 
the  cells  studied,  the  studies  of  "radiation  damage"  can  also  give  impor- 
tant suggestions  in  the  investigation  of  mutagenic  mechanisms  and  of  the 
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constitution  and  manner  of  reaction  of  the  genetic  material.  This  has 
been  illustrated,  for  example,  in  the  studies  on  the  modification  of  the 
general  biological  effects  by  various  accessory  agents,  in  cases  where  it 
was  later  found  that  similar  influences  were  exerted  on  mutagenesis. 

Out  of  the  welter  of  complicated  and  sometimes  apparently  contra- 
dictory facts  now  emerging  in  the  studies  on  radiobiology  and  radio- 
mimetic  agents  and  on  mutagenesis  occasioned  by  radiation  and  by  these 
agents,  more  than  suggestive  signs  of  order  are  beginning  to  appear. 
They  encourage  a  feeling  of  optimism  with  regard  to  the  further  progress 
of  the  attack,  -provided  that  the  investigator  is  left  with  as  much  freedom 
as  possible  to  follow  leads  as  they  appear  rather  than  having  to  confine 
himself  by  a  rigid  application  of  the  "project  system"  of  investigation. 
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